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ABSTRACT 
This thesis concerns a sedimentological study of the Late Permian 
Broughton, Pheasants Nest and Erins Vale Formations, southern Sydney 
Basin, New South Wales, aimed at producing a palaeoenvironmental 
interpretation of these sequences. It is based on facies analysis of borecore 
data, vertical and lateral profiling of outcrop sequences, including 
architectural element analysis, and an integration of the results of these 
studies with previous work. 
The sequences studied begin with the interdigitating lower offshore silt of 
the upper Berry Siltstone and lower offshore sand-belt of the lower 
Broughton Formation, including progradational volcanic shoreface 
sequences. Sedimentation occurred in the 'Broughton Seaway' between the 
western cratonic landmass and a north-northeast oriented volcanic barrier 
in the east. River-derived meltwater underflows, massflows, tidally-driven 
longshore currents and migration of large sandwaves into the lower 
offshore sand-belt were the major depositional processes. 
The upper offshore sand-sheets of the middle Broughton Formation 
represent a widespread development of time-transgressive, above storm 
wave base, aggradational sedimentation. The progradational sandskirts of 
volcanic alluvial fans in the south (Jamberoo Sandstone Member) 
constructed a delta which was of a mixed type between a pyroclastic and 
alluvial fan delta. These kinds of deltas probably served as significant 
sources and depositional conduits for the offshore sediments which were 
dispersed mainly through wave action in a storm-dominated setting._ 
Submarine volcanic flows and associated shallow marine environments, 
and emerged volcanic islands with woodlands were coevally present in the 
southeast during the deposition of the Broughton Formation. 
The upper Broughton Formation is generally marked by a northeastward 
diachronous progradation of the southern shoreline, which progressively 
filled up the Broughton Seaway. Progradational evolution of the deltaic to 
barred shoreline, reflecting waning influence of the Gerringong volcanic 
barriers, was contemporaneous with the upper deltaic and distributary 
coastal zone sedimentation of the Pheasants Nest Formation. Actually, the 
xi 
periglacial braided subaerial fans and subaerial volcanism modelled for the 
lower and middle Pheasants Nest Formation greatly contributed to a 
northward progradation of the shoreline and retreat of the Broughton 
Seaway. With additional contributions from the western craton, a 
centripetal sediment transport pattern toward a northeast-oriented 
depocentre resulted. This meant development of a northeasterly flowing 
longitudinal drainage system. Physiographically, most of the former 
Broughton Seaway had now transformed into a broad valley between the 
volcanic and cratonic hinterlands. 
During the upper Pheasants Nest Formation time, extensive development 
of a flat, alluvial plain with an axial drainage pattern, low-lying coastal 
swamps and networks of high sinuosity, single channel or multiple channel 
anastomosing river systems is postulated. 
A shallow epeiric Erins Vale sea was caused by transgression across the 
topographically low-lying northeastern to northern alluvial plains of the 
Pheasants Nest Formation . The lower-middle Erins Vale Formation 
represents shoreface-offshore conditions in the east and north, including an 
oxygen-deficient, lower offshore regime (Kulnura Marine Tongue) -
and shoreline fades of a transgressive barrier system in the west and south. 
Deposition during the upper Erins Vale Formation occurred through fan 
delta progradation from the western craton, which passed upward into the 
subaerial fan of the Marangaroo Conglomerate; a central and southern 
regressive barrier system and an energetic shoreface sand in the east which 
passed upward into the Wilton Formation. 
The upper Nowra Sandstone and lower Berry Siltstone form a transgressive 
systems tract. A sustained tectonic loading producing protracted subsidence 
was apparently the primary cause of basin subsidence. The upper Berry 
Siltstone and lower to middle Broughton Formation represent an overall 
highstand systems tract with portions of the upper Berry Siltstone and the 
lowest Broughton Formation showing interludes of minor transgressive 
pulses. This reflected a more stabilized base-level situation, following a 
reduction of basin subsidence rate. The upper Broughton Formation and 
lower-middle Pheasants Nest Formation constitute a lowstand systems tract, 
including early regressive phases represented by the upper Broughton 
Formation. It was related to the development of a foreswell on the basin 
margin and subsidence in the depocentre caused by the propagation of 
compressional energy from the orogen. The upper Pheasants Nest 
xii 
Formation indicates an early transgressive stage and the lower Erins Vale 
Formation, including the Kulnura Marine Tongue · , is a 
transgressive systems tract. The middle Erins Vale Formation represents a 
highstand systems tract. Subsequently, the early regressive phases 
represented by the upper Erins Vale Formation, the lowstand wedge of the 
basal Wilton Formation and the Marangaroo Conglomerate constituted a 
u... 
lowstand systems tract. They developed as a result of erosion of 1 fores well ,,
produced on the cratonic margin. 
This study provides evidence in support of the Currarong Orogen. The 
Offshore Uplift is probably a preserved portion of the Currarong Orogen and 
the Newcastle Sub-basin was a likely depocentre for the Late Permian 
sequences. 
A periglacial climate with seasonal freezing and thawing had significant 
influence on sedimentation. Episodic meltwater discharge mobilized large 
volumes of volcaniclastic materials in spring (as lahars at times of large 
floods and/ or volcanic eruptions) and associated ice floes enroute to the sea, 
The major variables for the studied sequences in the southern Sydney Basin 
are constrained in this thesis, and comparative studies identified modern 
and ancient global examples that are broadly similar to the Late Permian 
sequences. 
xiii 
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INTRODUCTION 
1.1 LOCATION AND GEOLOGICAL REVIEW 
1.1.1 Location 
The southern Sydney Basin is the southern extension of the contiguous 
Sydney-Gunnedah-Bowen Basin in eastern Australia, which is a larger, 
elongated depositional basin extending for about 1500 km from the central 
coast of Queensland to the southern coast of New South Wales (Fig. 1.1). 
This sedimentological study concerns the Late Permian Broughton 
Formation of the upper Shoalhaven Group and the Pheasants Nest and 
Erins Vale Formations (Cumberland Sub-Group) of the lower Illawarra Coal 
Measures from the southern Sydney Basin, collectively referred to as the 
Late Permian sequences throughout the text for brevity reasons. The 
boreholes penetrating these formations and the outcrops are confined in the 
area between latitudes 34°00'S and 34°45'S, and longitudes 150°25'E and 
151 °00'E (Fig. 1.2). 
1.1.2 Tectonic and Physiographic Setting 
The Fermo-Triassic sequences of the Sydney Basin are bounded by and onlap 
the Ordovician-Devonian cratonic landmass of the Lachlan Fold Belt to the 
west and south (Herbert, 1980). They have the thickest foredeep occurrences 
to the northeast, being bounded by the Hunter-Mooki Thrust System of the 
Fermo-Carboniferous New England Fold Belt. This defined the Sydney 
Basin as a retroarc foreland basin formed behind a magmatic arc represented 
by the New England Orogen (Fig. 1.3). The Sydney Basin has an onshore area 
of about 37000 km2 and at least another 15000 km2 offshore area terminating 
at the continental slope to the east and southeast (Grybowski, 1992). The 
structural elements of the Sydney Basin are shown in Figure 1.4. 
The southern Sydney Basin, having a low rate of subsidence, was more 
stable than the northern Sydney Basin with greater subsidence. This 
imparted the northern Sydney Basin a 'trough' setting, whereas the 
southern Sydney Basin had a 'shelf' character reflected in its sedimentary 
packages (Brakel, 1986; Bamberry, 1991). The undisturbed, gently dipping (2-
60) sequences of the southern Sydney Basin (Gostin and Herbert, 1973) attest 
to this stable setting. 
1 
The Late Carboniferous to Middle Triassic history of the Sydney-Gunnedah-
Bowen Basin is distinguished by three distinctly defined tectonic stages 
which profoundly influenced sedimentation (e.g. Fielding et al., 1990; Baker 
et al., 1993; Schiebner, 1993; Veevers et al., 1994a; Bamberry et al., 1995a; Tye 
et al., 1996): 
(A) 290-268 ma (Late Carboniferous-Early Permian): an initial extensional 
phase producing rift basins and volcanism; 
(B) 268-258 ma (Early Permian-earliest Late Permian): passive thermal 
subsidence causing widespread marine transgression and formation of 
incipient foreland basin; and 
(C) 258-250 ma (Late Permian-Middle Triassic): flexural loading and 
associated compression resulting in the matured foreland basin and 
orogen. 
Considering an average age of 258 ma for the Broughton Formation 
(reviewed by Veevers et al., 1994a, p. 36), the Late Permian Broughton, 
Pheasants Nest and Erins Vale Formations were formed during the early 
part of the third compressional stage 'C'. This roughly corresponds to the 
Tatarian Stage. 
The palaeogeography of the Sydney Basin during the upper Shoalhaven 
Group time is shown in Figure 1.5. In the southern Sydney Basin, a 
constricted seaway between the western craton and an inferred eastern 
volcanic island chain during the deposition of the Broughton Formation 
was speculated by Jones (1990). 
The southern volcanic arc was hypothesized to be a part of the Currarong 
Orogen (sensu Jones et al., 1984), believed to be genetically linked to the 
more northerly South New England Orogen. Apart from a host of 
inferential evidences (e.g. see Jones et al., 1984, p. 249 for a review; Shaw et 
al., 1991; Veevers et al., 1994a), seismic and magnetic data (Ringis et al., 1970; 
Grybowski, 1992; Bradley, 1993) strongly suggest the probability of a Late 
Permian southern magmatic arc in the central offshore Sydney Basin. On 
the onshore Sydney Basin, the Gerringong Volcanics (sensu Carr, 1982), 
mostly exposed in the central east coast belt of New South Wales from the 
Nowra-Gerroa area to North Wollongong, are probably the southeastern 
expression of this arc magmatism developed along the western flank of the 
Currarong Orogen. The Late Permian shoshonitic extrusions and intrusions 
in this belt (Carr, 1984) bear testimony to the arc magmatism. 
2 
The deposition was evidently influenced by the overpowering arc 
volcanism in the east and southeast with a subdued role played by the 
cratonic basin margin in the west. The Late Permian sedimentation in the 
southern Sydney Basin occurred in the backdrop of this tectonic and 
physiographic settings. 
1.1.3 Stratigraphy 
1.1.3.1 Introduction 
In superpositional order, the group-level stratigraphy of the Late 
Carboniferous to Late Permian southern Sydney Basin is: Talaterang Group 
-> Shoalhaven Group -> Illawarra Coal Measures. The Illawarra Coal 
Measures is subdivided into a lower economic coal-barren Cumberland Sub-
Group and an upper economic coal-bearing Sydney Sub-Group. 
1.1.3.2 Talaterang and Shoalhaven Groups Stratigraphy 
The stratigraphy of the above intervals are shown in Table 1.1. 
The Talaterang Group initiated deposition on the highly deformed 
Ordovician-Devonian rocks of the cratonic basement of the southern 
Sydney Basin. 
In the southern Sydney Basin, the three tectonic stages (A, B and C in 
Section 1.1.2) are represented, respectively, by the following 
lithostratigraphic units (modified after Tye et al., 1996): 
(1) the low-energy alluvial system of the Clyde Coal Measures and 
nearshore environments of the Wasp Head Formation (Talaterang 
Group) formed in north-south elongate rift basins; 
(2) the high energy alluvial system of the Yadboro and Tallong 
Conglomerates in the west, coastal plain and protected embayments of 
the Yarrunga Coal Measures and Pebbley Beach Formation in the 
south, and the transgressive sequences of the Snapper Point Formation 
in the east; these coeval environments were followed by widespread 
transgression represented by the Snapper Point Formation and 
Wandrawandian Siltstone; and probably extending up through the 
nearshore Nowra Sandstone and offshore Berry Siltstone (or these 
could be transitional to Stage 'C'). 
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(3) the shoshonitic volcanism in the Broughton Formation and rest of the 
Permian-Triassic basin-fill successions. 
1.1.3.3 Upper Shoalhaven Group Stratigraphy: Berry Siltstone and 
Broughton Formation 
Berry Siltstone: 
The Berry Siltstone consists of predominantly bioturbated, massive, 
indistinctly stratified to flat-bedded siltstone and very fine-grained 
feldspathic sandstone and, in the upper parts, thin interbeds of fine-grained 
sandstone (Bowman, 1974). It is generally fossiliferous. The upper contact 
with the Broughton Formation is gradational (Jones, 1990). It was deposited 
in transgressive offshore environments (Le Roux and Jones, 1994). 
Broughton Formation: 
The Broughton Formation, the uppermost formation of the Shoalhaven 
Group, is a complex lithostratigraphic unit with several intercalated latitic 
and sandstone members defined on the basis of the latter's relationship with 
the former (Table 1.2; detailed account is given in Section 8.3.2). The 
shoshonitic association of the basaltic and basaltic-andesitic latites of the 
Broughton Formation, belonging to the Gerringong Volcanics, was extruded 
with partially intrusive components and submarine flows (Carr, 1982; Bull 
and Cas, 1989). Their occurrences are restricted to the southeastern parts of 
the overall Broughton Formation depositional setting (Fig. 1.3). Other than 
these limited occurrences of the latite-dominated sequences, the bulk of the 
predominantly volcaniclastic Broughton Formation sandstones were 
deposited extensively in the vast areas of the southern Sydney Basin. In 
order to make a distinction between the two types of occurrences of the 
Broughton Formation, the term 'latite-dominated Broughton Formation' is 
used to refer to these southeastern outcrops. 
The fine- to coarse-grained sandstones of the Broughton Formation are 
generally bioturbated, poorly to moderately sorted, massive to flat bedded 
and have abundant volcanic rock fragments and feldspars. According to 
Mayne et al. (1974, p. 170), "The type section of the Budgong Sandstone 
(Bowman, 1970) is at Yallah-Avondale near Wollongong. The sandstone at 
the base is dark gray and fine-grained. The clasts consist mainly of feldspar 
and andesite, with some metamorphic, granitic and sedimentary rocks. 
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There are lenses of shale and siltstone, abundant marine fossils, particularly 
towards the base. Towards the top of the formation the sandstone is light 
grey to yellow-brown in colour and becomes coarser grained, cleaner, and 
more quartzose. It is generally flat-bedded, and the thickness of the beds 
increases to about 1 m at the top of the unit. Towards the top marine fossils 
become rare and plant fragments appear." Glendonites and dropstones occur 
in the Broughton Formation (e.g. Bowman, 1974; Hitchen, 1997). The 
Broughton Formation outcrops have a variable thickness ranging from 180 
m at Wollongong in the north to 270 m at Cambewarra Mountain in the 
southwest (Bowman, 1974). For the convenience of the present study, the 
latite-dominated Broughton Formation has been subdivided into two units. 
This subdivision and a detailed review of the stratigraphy and depositional 
environments of the Broughton Formation is given in Section 8.3.2. 
1.1.3.4 Lower Illawarra Coal Measures Stratigraphy: Cumberland Sub-
Group and its Overlying Transitions 
The stratigraphy of these intervals are shown in Table 1.3. 
The Cumberland Sub-Group consists of two formations: the Pheasants Nest 
and Erins Vale Formations. The transition from the top of the Broughton 
Formation, marking the top of the marine Shoalhaven Group, to the 
terrestrial Pheasants Nest Formation, the basal formation of the Illawarra 
Coal Measures, is commonly gradational. 
Pheasants Nest Formation: 
The fluvial-deltaic Pheasants Nest Formation has interbedded fine- to 
coarse-grained lithic sandstone, carbonaceous siltstone and mudstone with 
two thin (lenticular) coal members and four latite members. The 
southeastern Robertson and Huntley areas have proportionately more lithic 
sands, conglomerate and fewer coal seams than the northern areas 
(Bamberry, 1991). According to a review by Carr (1982), the Five Islands 
(subaqueous extrusion), Calderwood (extrusion), Minnamurra (subae·rial 
extrusion) and Berkeley (extrusion and intrusion) Latite Members occur 
towards the base of the Pheasants Nest Formation and are probably 
stratigraphically equivalent to each other. The Unanderra and Figtree Coal 
Members are very poorly exposed and are believed to be thin and 
discontinuous (Bunny, 1972). The thickness of the Pheasants Nest 
Formation in the type section (BH Wollongong 35) is 75 m; the maximum 
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being 122 m (SCCG, 1971). Its upper contact with the Erins Vale Formation is 
grad a tional. 
The Pheasants Nest and Erins Vale Formations have similar composition. 
Both are predominantly volcanolithic sandstone with increasing quartzose 
content in the western parts of their sequences and, in addition, in the upper 
part of the Erins Vale Formation. The stratigraphic type sections of these two 
formations, also showing their interpreted vertical facies profiles, are given 
in Figure A.2.5 in the Appendix 2 (Volume 2). 
Erins Vale Formation: 
The shallow marine Erins Vale Formation has fine- to medium-grained 
lithic sandstone and minor interbeds of mudstone and siltstone. The lower 
part is commonly bioturbated, poorly to moderately sorted and massive to 
flat bedded. The upper part in the central and western part of the basin is 
locally conglomeratic, whereas in the eastern coastal exposures (north of 
Wollongong), it is well sorted, cross-stratified sandstone (Bamberry, 1991). 
Sporadic occurrences of fossils and rare dropstones are known from the 
Erins Vale Formation. Its thickness in type section (BH Wollongong 35) is 53 
m; the maximum being 120 m (SCCG, 1971). 
According to Bowman (1974), the Kulnura Marine Tongue Member is a 
highly bioturbated siltstone member within the Erins Vale Formation. 
Glendonites have been reported from this unit (Jones et al., 1988). It is 
regarded to be a transgressive fades (e.g. Veevers et al., 1994a) and is 
generally restricted to the northeastern part of the Erins Vale depositional 
basin. 
Marangaroo Conglomerate and Wilton Formation: 
The upper contact of the Erins Vale Formation is sharp and erosive, and it is 
overlain by the Marangaroo Conglomerate in the west and 
sandstone/conglomerate of the basal Wilton Formation or the Woonertona 
Coal Member of the Wilton Formation in the east (Bamberry, 1991). 
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1.1.4 Previous Work 
Studies Before 1970: 
The early works concerning the geology of the southern coal-producing 
areas of-#te- New South Wales were by Clarke (1866, 1876). Jaquet et al. (1905) 
worked on the Kiama-Jamberoo region with an emphasis on the volcanic 
rocks. Harper (1915) produced a significant volume on the geology of the 
Illawarra region. The works in the 1950's and 1960's include McElroy (1950), 
Joplin et al. (1952), Hanlon et al. (1953), Hanlon (1956), Lowder (1964), Rose 
(1966) and a publication edited by Packham (1969) containing important 
works by a number of authors. 
General Studies 1970- to date: 
Bunny (1972) and Bowman (1970, 1974) studied the geology and coal 
resources of the southern Sydney Basin and suggested stratigraphic schemes 
for the upper Shoalhaven Group and Illawarra Coal Measures. Mayne et al. 
(1974) and Sherwin and Holmes (1986) summarized the contemporary 
information of their time. A volume edited by Herbert and Helby (1980) 
contains several relevant papers: e.g. Bowman (1980) on the depositional 
history of the upper Shoalhaven Group and the Illawarra Coal Measures; 
Runnegar (1980) on the marine Shoalhaven Group; Herbert (1980) on the 
depositional context of the Sydney Basin; and various works on other parts 
of the Sydney Basin and its structures. Jones (1986) reviewed the 
depositional framework of the southern Sydney Basin. Magnetic and 
seismic surveys on the offshore Sydney Basin and their implications are 
contained in Ringis (1970), Grybowski (1992) and Bradley (1993). An 
integrated study of the intra- and inter-basinal correlation of the 
lithostratigraphic units of the Sydney-Gunnedah-Bowen Basin, depositional 
evolution and tectonic implications are given by Veevers et al., (1994a), 
followed by a global correlation of the Permian basins (Veevers et al., 1994b). 
Talaterang and Shoalhaven Groups of the Southernmost Sydney Basin: 
As the scope of this thesis does not include the above, only the works with 
relevance to the present study are briefly mentioned. Runnegar (1980) 
commented on the depositional environments of the southernmost Sydney 
Basin. Regarding detailed stratigraphy and sedimentology, the works by 
Costin (1968), Costin and Herbert (1973) were recently followed by Tye (1995) 
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and Tye et al. (1996). Le Roux and Jones (1994) developed a facies model for 
the Nowra Sandstone. Eyles et al. (1997) recently interpreted the 
implications of iceberg-rafted deposits. 
Broughton Formation: 
The works on the Gerringong volcanics and associated sediments of the 
Broughton Formation since mid-1960's include Raam (1968, 1969), Goldberry 
(1972), Bowman (1970, 1974, 1980), Carr (1984), Bull and Cas (1989) and Barry 
(1997). These works variously dealt with the petrogenesis, sediment-lava 
interactions and their conditions of deposition. Carr (1982) revised the 
stratigraphy. Jones (1990) discussed the implications of the Late Permian 
volcanic-influenced sedimentation. Hitchen (1997) worked on the ichnology 
and sedimentology of the latite-dominated lower Broughton Formation. 
Arditto (1991) carried out limited-scale sequence stratigraphic correlation. 
Retallack (in press) discussed palaeosol profiles and their climatic 
implications. A detailed review of the works done on these sequences is 
presented in Section 8.3.2. 
It may be noted here that no significant work has yet been done on the 
Broughton Formation other than its latite-dominated parts. 
Illawarra Coal Measures with reference to the Pheasants Nest and Erins 
Vale Formations: 
Pickett (1972) studied the trace fossils in the outcrops of the Erins Vale 
Formation. McCrae (1978) measured palaeocurrents from the Late Permian 
and Triassic sediments in the Illawarra district. Jakeman (1980) worked on 
quantitative analysis of sedimentation and structures. A comprehensive 
study by Hutton et al. (1990a) and Bamberry (1991), with focus on the Sydney 
Sub-Group, evaluated the coal resources of the southern Sydney Basin, 
analyzed depositional environments and revised the stratigraphy of the 
Illawarra Coal Measures. Some of the results out of these works are 
contained in a publication edited by Hutton and Depers (1990). 
The various interpretations of the Pheasants Nest (PNF) and Erins Vale 
Formations (EVF) are given below. 
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Bunny (1972) PNF: fluvial-deltaic; EVF: fluvial/marine. 
Bowman (1970, 1974) PNF: paludal, point bar, bay and lagoon; EVF: 
interdistributary bay. 
Herbert (1980) PNF: delta-plain; nearshore marine. 
Arditto (1991) PNF: lower - shaley-coaly coastal plain; upper - sandy coal-
poor; EVF: lower - shoreface-estuary; upper - missing. 
Bamberry (1991) PNF: deltaic system; EVF: lower - shallow marine shelf; 
upper - fan delta and shoreface. 
The references to the palaeoenvironments in Bunny (1972), Bowman (1974) 
and Herbert (1980) were generalized and cursory and were not based on 
sedimentological studies. Arditto's (1991) interpretation was based on a 
limited-scale sequence stratigraphic work and was more inclined toward the 
eustatic aspects rather than a rigorous palaeoenvironmental study. Thus, 
the interpretations by these workers do not accurately reflect the 
depositional environments of the sediments. Although Bamberry (1991) 
undertook sedimentological studies, his focus was on the Sydney Sub-
Group. Yet his observations on the Cumberland Sub-Group shed light on 
these sequences. 
1.2 DATA BASE 
This work is based on borehole and outcrop studies. 
1.2.1 Borehole Studies: 
Fifty three boreholes partly or fully intersect the Broughton, Pheasants Nest 
and Erins Vale Formations in the study area. The majority of cores from these 
boreholes have not been retained. A scrutiny of borehole locations, the log 
reports and availability of the borecores has resulted in the selection of 21 
boreholes for inclusion in this thesis. As the boreholes are widely spaced 
and have an irregular density, they have been selected to get the maximum 
possible spatial and vertical spread of sedimentological variations expressed 
by these rocks. 
The study area is divided into northern and southern sectors because of the 
physical distance between the two groups of boreholes with a very large area 
between the two having little or no database (Fig. 1.6). This uneven 
distribution of boreholes together with the lack of optimum density of well 
controls, are obstacles in better understanding the sediments. 
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Borecores from nme bores m the northern sector and five boreholes in 
the southern sector were studied for detailed borecore analysis. An 
additional 7 borehole logs from the northern area were interpreted. A 
breakdown is shown below. 
Northern Sector: 
Boreholes selected for detailed borecore studies: 
1. BH DM Wollongong 13 
2. BH CPM Nattai 1 
3. BH DM Oakdale 1 
4. BH AGL Moonshine 7 A 
5. BH DM Wollongong 35 
6. BH University of Wollongong 1 (UW 1) 
7. BH Alliance Cataract 1 
8. BH AGL Bootleg 8 
9. BH Wollongong 21 
The detailed borecore analysis of BH Wollongong 21 (# 9 above) is not 
presented in the Appendix 2 and Chapter 4 because it has been found to be 
similar to BH Wollongong 35. However, it is integrated with the drillcore 
transects in Chapter 8. 
The log reports interpreted and used in this thesis come from the following 
7 additional boreholes in the northern sector: 
1. BH Wollongong 2 
2. BH Wollongong 81 
3. BH Wollongong 33 
4. BH Wollongong 23 
5. BH Moonshine 13 
6. BH Picton 3 
7. BH Camden 53 
Southern sector: 
Detailed borecore facies analysis 
1. BH Elecom Robertson 8 (ER 8) 
2. BH Elecom Robertson 1 (ER 1) 
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3. BH Elecom Robertson 10 Redrill (ER lOR) 
4. BH DM Huntley 7 
5. BH Elecom Huntley 3 (EH 3) 
Only a few boreholes have geophysical logs and they are considered to be of 
no significant assistance to the project objective of a detailed 
palaeoenvironmental study. 
The upper Berry Siltstone is penetrated by only four boreholes sequences 
from the northern sector: DM Wollongong 13, CPM Nattai 1, DM Oakdale 1 
and Alliance Cataract 1, and additionally by BH Wollongong 2. The 
Broughton Formation occurs in all of the borehole sequences from the 
northern sector but only in BH ERl from the southern sector. The Pheasants 
Nest Formation is present in all of the borehole sequences both from the 
northern and southern sectors. The Erins Vale Formation does not extend 
to the BH Nattai 1 or Oakdale 1 locations in the northern sector and is absent 
from the southern sector. At BH UWl location, this formation has probably 
been removed by erosion. The Wilton Formation is present in the northern 
boreholes but apparently did not develop in the south. The Marangaroo 
Conglomerate is penetrated by BH Bootleg 8, Wollongong 13 and Picton 3 
from the northern sector. 
1.2.2 Outcrop Studies 
The outcrops are restricted to the southeastern and eastern parts of the 
depositional basin, generally far away from the major borehole control 
points in the central and southern parts. This is a major hindrance in the 
way of an integrated palaeoenvironmental study of these rocks. 
The Broughton Formation crops out along a coastal belt from Gerroa to 
north Wollongong (Fig. 1.2). The scope defined for this thesis requires it to 
concentrate on a number of inland outcrops and boreholes sequences of the 
latite-dominated Broughton Formation southwest of Wollongong and 
develop a regional depositional model (Chapters 5 and 8) and finally, 
integrates this with the studies by other workers in Chapter 8. The outcrop 
and borehole location are: INVES, ILRLY2, SFWYl and BH Flagstaff Hill 2 or 
FH2 (Fig. 1.7 and see Fig. 8.3). The outcrop locations are abbreviated and 
capitalized. 
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The Pheasants Nest and Erins Vale Formations crop out in the greater 
Wollongong area. The quantity and quality of the outcrops have greatly 
been affected by the following factors: the thick apron of laterally extensive 
talus at the base of the escarpment of the Illawarra ranges covering a great 
deal of the Illawarra Coal Measures; urbanization and infrastructure 
development of the greater Wollongong area severely destroying outcrops; 
thick alluvium on the coastal plains covering many outcrops; and natural 
weathering. 
In total, 26 outcrop locations of the Pheasants Nest Formation have been 
investigated and sections measured - the majority of which are patchy and 
weathered to variable degrees. Also, these outcrops are widely scattered in 
such a manner that coeval palaeoenvironmental links on a regional scale 
cannot be reliably interpreted. Thus the outcrops of the Pheasants Nest 
Formation have been selected for presentation in this thesis on the basis of 
the following criteria: relatively better quality representatives of all the 26 
outcrop sections investigated; laterally extensive outcrops providing better 
opportunities for lateral profile analysis (including architectural element 
studies) aimed at deciphering lateral alluvial variability; contain 
sedimentary facies comparable to those in the borehole sequences; and 
contain uncommon geological and sedimentological features unseen or rare 
elsewhere in other available outcrops. 
Consequently, most of the selected outcrops of the Pheasants Nest 
Formation come from a series of exposures on the Unanderra-Moss YoJe 
Railway (abbreviated as UNRLY) track west of Wollongong. The abbreviated 
outcrop locations are: UNRLYl, UNRLY2, UNRLY4, UNRLYS and UNRLY7 
from the southern UNRL Y series, and Cordeaux Road location 2 (COR2) and 
Bellambi Point (BEL) from the northern locations (Fig. 1.7). 
It may be noted that the majority of the outcrops are sandy. This is because 
the fine-grained lithologies of the Pheasants Nest Formation, that are also 
carbonaceous in many places, are readily weathered and removed by 
erosion. Nevertheless, these fine-grained facies are voluminous in borehole 
sequences and an attempt has been made to locate, describe and interpret 
their exposures. 
The lower contact of the Pheasant Nest Formation with the latite-
dominated Broughton Formation has been analyzed in great detail through 
the investigation of outcrops and boreholes south of Wollongong (Chapter 
13 
., ,\ 
8). The upper contact with the Erins Vale Formation is not exposed but can, 
be examined in boreholes. 
The outcrop locations (Fig. 1.7) of the Erins Vale Formation referred to in 
this study are Colins Rock (COL), Waniora Point (WAN), Bulli Point (BUL), 
near Thirroul Beach (THIR), Sturdee Avenue rail bridge (STUR), Farrel 
Road rail bridge (FAR), Point Street (POINT) and Unanderra-Moss Va.re. 
railway track exposure 8 (UNRL Y8). 
1.3 METHODOLOGY 
1.3.1 Borecore Fades Studies: Analytical Methods 
Under the limitation of one-dimensional borehole data, standard vertical 
facies analysis of continuous borecores is employed. 
The cores were washed before logging. Many core samples were slabbed to 
see texture and sedimentary structures clearly, and in some cases, were 
examined under a binocular microscope. Samples were taken for thin 
section studies. The facies were defined on the basis of lithology, 
sedimentary and biogenic structures (e.g degree of bioturbation and presence 
of root traces). 
The upper stratigraphic limit of the facies logs has been taken to be the base 
of the Woonona Coal Member of the Wilton Formation in the northern 
areas. In places, where this unit is not present or not recognizable, as in the 
southern sector of the study area, the base of the Tongara Coal has been 
used. 
Graphic facies logs, illustrating each borehole sequences, accompany the text 
containing depth interval description and interpretation (Appendix 2, 
Volume 2). The depths in metres referred to are the depths from the collar-
reference level in each drilling site and are rounded off to the nearest whole 
number. Although many lithologic log reports are outdated, these are 
referred to where the core samples are weathered or missing. The graphic 
facies logs show the names of stratigraphic units, lithology, grain-size, 
sedimentary and biogenic structures, facies relations for each depth interval, 
interpretation and numbering of the depth intervals to relate them with the 
detailed discussion in the text. In some cases, abbreviated forms are used to 
indicate the facies associations and cycles. This is mainly followed in case of 
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the Pheasants Nest Formation occurring in the northern part of the study 
area because of the repetitive nature of similar fades in this sector. 
1.3.2 Boundary Criteria for Stratigraphic Units 
The boundary criteria between the lithostratigraphic units used for the 
purpose of this study are given below (refer to general lithologic description 
and nature of contacts given in Section 1.1.3). 
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Base of the Broughton Formation: The dark coloured, bioturbated fine-
grained deposits of the Berry Siltstone have been intersected by only a 
few deep boreholes that have passed below the Broughton Formation 
(listed in Section 2.1). In these sequences, the base of the 
,, stratigraphically lowest occurrence of appreciably thick bioturbated 
massive sandstones without any silty interbeds has been taken to 
indicate the formational contact. 
Base of the Pheasants Nest Formation: the first sign of confirmed 
continental deposits without having burrow types or lithologic attributes 
suggestive of marine association (e.g. sedimentary structures, fossil debris 
etc.) and/ or fades characteristics indicating confirmed subaerial condition 
(e.g. root traces, abundant carbonaceous lamination typical of the Pheasants 
Nest Formation, continental Scoyenia ichnofades, fades interpreted to be 
subaerial channel deposits etc.). These boundary criteria mark a relatively 
well defined palaeoenvironmental boundary between the two formations 
and the corresponding group boundary between the Shoalhaven Group and 
the Illawarra Coal Measures. These boundary criteria indicate that the 
lower boundary of the Pheasants Nest Formation should be 
stratigraphically higher than delineated 1n most log reports. 
Consequently, it has resulted in removing the marginal marine aspects 
(e.g. lower delta plain) previously interpreted for the Pheasants Nest 
Formation ( see Chapter 8). The shore line environments are now 
included in the upper Broughton Formation as interpreted in this thesis. 
Base of the Erins Vale Formation: the base of the first transgressive fades, 
usually marked by bioturbated massive sediments, above the alluvial 
deposits of the Pheasants Nest Formation. 
Top of the Erins Vale Formation: the first indication of continental setting -
either represented by the base of the channel sands of the Wilton Formation 
or W oonona Coal Member and the base of the sub aerial Marangaroo 
Conglomerate (Bamberry 1991). 
1.3.3 Fades Classification for Broughton Formation and Concept of 
Composite Fades Used in Borehole Studies 
One of the concerns of this thesis is the use of proper terminology and a 
classification scheme that are scientifically meaningful, logical and 
unambiguous. As part of this objective, a term called, "composite facies" is 
suggested in describing the facies successions of the Broughton Formation. 
Ideally, each facies class should be mutually exclusive, which is the basic 
criterion of any classification. However, in natural sequences this may not 
be so straightforward. Either exclusiveness of classes are compromised in 
order to describe and interpret various observable facts, or a complex and 
very large array of facies may result if one strictly adheres to the 
exclusiveness criterion. The latter may blur overall interpretation. 
A case in point is the bioturbated massive sandstone, minor siltstone and 
mudstone facies (Facies Smb) which is the most abundant facies in the 
Broughton Formation and shows a very wide range of thickness (Chapter 2). 
Relatively thin layers of this facies are commonly intercalated with variably 
preserved sedimentary structure- and fabric-bearing layers. This poses a risk 
of compromising the exclusiveness criterion of Facies Smb classification 
which occurs as a very thick, exclusive class elsewhere in the sequences. The 
minor thickness of some of the bioturbated, massive unit and its 
complementary relationship with other units, which could be thin as well, 
is such that separate facies for all these individual units are not practical 
from descriptive and interpretive points of view. An informal class 
proposed herein as "composite facies" can overcome this problem by 
combining both in its definition. This is a descriptive term correctly 
conveying the status of the class. However, in a rare case, the composite 
facies may be conditionally considered to be simultaneously descriptive and 
interpretive: if we assume hummocky and swaley cross-stratification to be 
simultaneously descriptive and interpretive sedimentary structures. These 
composite facies are discussed in Chapter 2. 
The term "facies association" is not deemed suitable because it groups 
together a number of facies with similar environmental affinity. A 
composite facies does not have this assemblage of supposedly mutually 
exclusive but related facies. It rather consists of distinct but complementary 
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depositional units, including certain well-defined facies, combined to make 
up a functional environmental entity not present in any individual 
component. For a proper understanding of the components it is essential 
that they be described and interpreted in the context of their complementary 
relation in the framework of composite facies. The usefulness of composite 
facies is exemplified by the various composite facies defined to study the 
palaeoenvironmental evolution of the Broughton Formation. 
1.3.4 Limitation of Borecore Studies of Fades and Sedimentologic Criteria 
This section forms a basis for borecore facies analysis and depositional 
evolution contained in Appendix 2 and Chapter 4, respectively. 
The limitations of using drill cores in evaluating sedimentary structures 
and determination of geometries of depositional bodies cannot be 
overemphasized. This is compounded by the fact that the well control 
needed for such small-scale investigations is not present in this study. The 
nearest boreholes are kilometres apart and there is no comparable outcrop 
in these areas. These limitations need to be kept in mind while interpreting 
the facies. 
Because of these limitations, assignments of depositional terms like crevasse 
splays, channels, barrier bars, deltaic subenvironments and so forth to 
lithosomes observed in cores or even to 2-dimensional outcrops could be 
regarded as questionable. Ideally, controls on geometries should be present 
to interpret sedimentary deposits with confidence (Bridge, 1993). However, 
in many practical situations limited by constraints of data like the present 
study, the next best solution is to mention the limitations at the outset so 
that these are kept in mind while interpreting the deposits. A range of 
possible interpretations can be suggested for a specific depositional body and 
then the most probable one can be recommended. This approach has been 
adopted in the present study. 
The main consideration in the study of the boreholes is the determination 
of the shallow marine, marginal marine and terrestrial environments 
represented by these rocks and the resulting offshore-shoreface/shoreline 
evolution. One of the important questions to answer is whether studies 
from individual borehole locations indicate a linear shorelines or delta or 
alluvial fan/ fan delta. 
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Both fan and alluvial deltas (sensu Nemec, 1990) have similar sequences in 
their subaqueous parts, and determination of the dominance of sediment 
gravity I fluidal flow (e.g. debris or hyperconcentrated flood flow deposits) in 
the subaerial part is crucial for the recognition of fan deltas (McPherson et 
al., 1987). Also, regarding the distinction between deltaic and prograding 
linear shorelines (e.g. barrier coasts), both may have coarsening upward 
sequences with their lower and middle parts being similar (Selley, 1985). 
This problem is compounded in the cases of those ancient deltaic deposits 
where an end-member type of well-defined delta sequence with major 
subenvironments did not originally develop or has been missed by the 
boreholes. Nevertheless, under these limitation~ a delta may be favoured on 
the following ground: suggestion of prodelta and delta front sandbody 
development; or evidence of erosional-based cross-bedded sandstone of 
subaqueous to subaerial distributary channel progradation associated with 
the marginal marine deposits immediately overlying the shoreface fades; 
and a pronounced coarsening-upward sequence. Provided that evidence for 
a main deltaic sandbody is lacking, a barred or inter-deltaic shoreline 
becomes a real possibility. Also, for a prograding barrier-beach, cross-beds are 
not so pronounced as in a delta, and transition to the upper 
shoreface/ foreshore is gradational (Selley, 1985). It is noted here that the 
complete record of barrier sands is rarely preserved, especially in regressive 
sequences. 
The probabilities of complex interactions and influences of waves, tides and 
river processes in volcanic-dominated settings should be kept in perspective 
while interpreting these boreholes. 
1.3.5 Outcrop Fades Studies 
This study employs a combined vertical and lateral profile analysis to 
investigate the outcrops. It includes the extensive use of photomosaics, 
sketches and rigorous field description and analysis and laboratory drafting 
and interpretation. Wherever the outcrop conditions permitted, lateral 
profiling and architectural element analysis were undertaken with the 
recognition of the fact that spatial change in alluvial environments are 
frequent, rapid and pronounced, and it is very important to document these 
changes for a reliable reconstruction of the ancient environments. 
The outcrops of the Late Permian sequences are variably weathered and 
many bear rock Hasting marks severely masking the sedimentary structures 
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and bounding surfaces (e.g. INVES outcrops, Chapter 5 and most of UNRL Y 
series, Chapter 6) making architectural element analysis difficult. 
The fluvial literature contains an exhaustive discussion regarding the 
standard methodologies, and merits and demerits of architectural element 
analysis (e.g. Miall, 1988a, 1988b, 1991, 1992b, 1995; Besly and Collinson, 1991; 
Wizevitch, 1992, 1993; De Celles et al., 1991; Bridge, 1993, 1995; Brierley, 1993; 
Fielding et al., 1993). The techniques advocated by Miall (e.g. Miall, 1988a, 
1988b, 1991, 1993) for lateral profiling are followed in this study. However, a 
modified scheme of bounding surface hierarchy is used and tested (see 
Section 6.2.2 for detail). 
Element-based sedimentology of fluvial deposits aims at deciphering overall 
alluvial architecture based on the recognition of architecture of constituent 
elements - thus, endeavouring interpretation of 3-dimensional geomorphic 
units/ depositional forms as much possible given the limitation of an 
outcrop. The present study makes a clear distinction between conventional 
fades and architectural element studies. In outcrop situations, where the 
lack of bounding surface characteristics and other attributes (see Section 6.2.l 
for the criteria) do not allow the application of architectural element 
analysis, lateral profile analysis was still pursued but the use of the 
conventional terms, like fades associations, which does not have a direct 3-
dimensional geometric connotation, are used instead of elemental terms. A 
case in point is the detailed fades association studies of the INVES outcrop 
(Chapter 5) and the eastern part of the UNRL Y 4 outcrops (Section 6.4) which 
lack 3rd or 4th order bounding surfaces expected of a macroform. This 
contrasts with the architectural element studies of the UNRL Yl (Section 6.2) 
and most of the UNRLY4 outcrops (Section 6.4). A number of studies use 
architectural element terms without considering this bounding surface and 
other criteria (e.g. Palmer and Neall, 1991). 
1.3.6 Notations 
Although the fades codification follows Miall's (1982) example, like the 
capitalized first letter denoting the dominant lithology followed by other 
attributes in small letters, the fades defined are very different from Miall's 
scheme, as all natural environments are variably different. Composite 
fades, fades association and element names are fully capitalized. 
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1.3.7 Shallow Marine Physiographic Divisions in the Context of the 
Foreland Basin 
The terminology used in this thesis for shoreline to shallow marine profile 
follows Walker and Flint (1992) but introduces a further division of the 
offshore gradient: (a) above storm wave base offshore, and (b) below storm 
wave base offshore. These two terms are also referred to as upper and lower 
offshore, respectively, throughout the text. Figure 1.8 depicts these divisions. 
The below storm wave base offshore areas (lower offshore) in a foreland 
basin is equivalent to that part of the continental shelf which is between 
below storm wave base and the break in the shelf in an open continental 
margin setting. The term shelf is avoided because, (1) in author's view, it 
has connotation of deep water slope basins developed on the open 
continental margin, and (2) 'shelf' has become a loose term with various 
meaning - encompassing the entire bathymetry from the low-tide limit to 
the break in slope or just the silt and clay dominated offshore areas below 
fairweather wave base (e.g. see McCubbin, 1982, fig. 8). Walker (1991, p. 6) 
suggested that the physiographic division of shelf and slope may not exist at 
all in epeiric seas and foreland basins. The Sydney Basin is a shallow marine 
foreland basin with ramp margins and without any shelf break that 
developed on the craton. This kind of ramp basin markedly differs from the 
slope basins developed in deep water continental margin settings (e.g. see 
Van Wagoner et al., 1988, figs 2 and 3; Cant, 1992, fig. 14; Einsele, 1992, fig. 7-
11, p. 296-297). 
1.4 RESEARCH PURPOSE AND SCOPE 
As discussed in Sections 1.1.3 and 1.1.4, the depositional history of the Late 
Permian Broughton, Pheasants Nest and Erins Vale Formations are not 
adequately understood. Yet, these formations, especially the Broughton 
Formation, constitute a crucial phase in the tectonic and 
palaeoenvironmental evolution of the southern Sydney Basin. They 
basically represent a 'turning point' from the prolonged shallow marine 
setting of the Shoalhaven Group to the coal-bearing Illawarra Coal 
Measures, and a junction in the tectonic stage from passive thermal 
subsidence to tectonic loading and volcanism which caused the foreland 
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basin configuration in this part of the Sydney Basin during the Late 
Permian. 
The Broughton and Pheasants Nest Formations are probably among the 
most complex of the southern Sydney Basin sequences with volcano-
tectonic, eustatic (or relative sea level changes) and palaeoclimatic 
influences on sedimentation. The task of unravelling the history of these 
formations and the overlying Erins Vale Formation has become even more 
challenging considering the facts that there are spatial blanks in the data 
bases, the major provenance areas have been destroyed or their remnants lie 
buried in the offshore areas and the orogen remains an enigma. These 
deficiencies and difficulties offer a splendid opportunity for bold 
imagination and conceptualization that form a philosophical foundation of 
science. 
As the Broughton Formation forms a basis for the development of the 
Pheasants Nest and Erins Vale Formations, it warrants a greater initial 
emphasis. Except for a consideration of the upper latite-dominated 
Broughton Formation and a latite in the Pheasants Nest Formation from 
the greater Wollongong area, no primary works on the latite members of 
these formations are planned. The previous studies on the latite-dominated 
onshore marginal sequences of the Broughton Formation from the 
southeastern areas will be integrated with the present investigation on the 
rest of the Broughton Formation to produce a comprehensive depositional 
framework. 
This project plans to employ a rigorous process-response oriented 
sedimentology. It includes detailed fades analysis of borecore data aimed at 
not only understanding depositional processes at local level but also 
constructing long-range transects that would show the basin-fill architecture 
and help deduce the history of basin evolution commonly interpreted from 
seismic lines . 
. This study attempts to test the applicability of the architectural element 
analysis in less-than-ideal but commonly occurring 'day-to-day' outcrops as 
opposed to the laterally extensive, classical exposures, with well-developed 
and preserved sedimentary structures, presented in most publications (e.g. 
various papers in Miall and Tyler, 1991). Herein probably lies the technique's 
real value. 
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This thesis aims to develop a series of depositional models for the Late 
Permian sequences, to understand the influences of volcano-tectonic 
controls and sea level changes on the depositional evolution of these 
sequences, and to model heretofore least-recognized palaeoclimatic 
influences on sedimentation. Efforts will also be made to find ancient and 
modern settings comparable with the Late Permian sequences. 
1.5 ORGANIZATION 
There are two separately bound volumes of this thesis. Volume 1 contains 
the text and tables, and Volume 2 the figures and appendices. The 
organization of Volume 1 is given below. 
Chapters 2-4 contain borecore studies. Whereas Chapter 2 deals with the 
sedimentary fades in the Broughton Formation and part of the upper Berry 
Siltstone, Chapter 3 concerns those in the Pheasants Nest, Erins Vale and 
lower Wilton Formations and part of the Marangaroo Conglomerate. Some 
of the bioturbated massive facies common in both the Broughton 
Formation and the Erins Vale Formation are covered in Chapter 2 and are 
indicated by a footnote mentioning their relevance to the Erins Vale 
Formation. An abridged description and interpretation of all these fades is 
given in Appendix 1 (Volume 2) and for a quick reference, leaflets indicating 
the names of the fades are enclosed in the backpocket of Volume 2. A 
detailed depth-interval fades analysis of each borehole sequence is presented 
in Appendix 2 (Volume 2). The regional depositional evolution represented 
by individual borehole sequences is then summarized in Chapter 4. 
Chapters 5, 6 and 7 contain outcrop studies of the Broughton, Pheasants 
Nest and Erins Vale Formations, respectively. 
Chapter 8 integrates the preceding studies. It develops depositional models 
of the formations, discusses volcano-tectonic, eustatic, and climatic 
implications, and suggests comparable modern and ancient examples, and 
then, wraps up the thesis with a set of conclusions. 
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BORECORE FACIES DESCRIPTION AND 
INTERPRETATION: BROUGHTON 
FORMATION 
2.1 INTRODUCTION 
This chapter provides descriptions and interpretations of recognized 
borecore fades in the Broughton Formation and part of the upper Berry 
Siltstone. An abridged description and interpretation of all these fades is 
given in Appendix 1.1 (Volume 2). Since this chapter deals with the marine 
and marginal marine fades of these stratigraphic units, an alluvial fades in 
the J amberoo Sandstone Member of the Broughton Formation, being only 
penetrated by one borehole (BH ERl), is covered in Chapter 3. 
The following fades and composite fades are recognized in these sequences. 
Since a number of individual fades and subfades form components of more 
than one composite facies, they are discussed first. 
(1) Fades Slax: Low-Angle Cross-Stratified Sandstone. 
(2) Fades Sma: Massive-Appearing Sandstone. 
(3) Fades Smb: Bioturbated Massive Sandstone, Minor Conglomerate, 
Siltstone and Mudstone. 
(4) Subfacies Fdmb: Dark Coloured, Bioturbated and Massive Fine-Grained 
Rocks. 
(5) Subfacies Gmb: Bioturbated, Massive Conglomerate. 
(6) Composite Fades SDLMB: Diffusely Laminated, Massive and 
Bioturbated Sandstone Assemblage including Fades Sdl (Diffusely 
Laminated Sandstone). 
(7) Composite Facies SFLGB: Laminated, Graded and Bioturbated 
Sandstone and Finer Grained Rocks including Fades SFlg (Laminated 
and Graded Sandstone and Finer Grained Rocks). 
(8) Composite Facies SGG: Graded Sandstone, Subordinate Conglomerate 
and Minor Mudstone Assemblage. 
(9) Composite Fades SHCS: Hummocky Cross-Stratified Sandstone 
Assemblage. 
(10) Composite Fades SXB: Cross-bedded and Bioturbated Sandstone 
Assemblage including Fades Sx (Cross-Bedded Sandstone). 
(11) Composite Fades SXLGB: Cross-Laminated, Graded and Bioturbated 
Sandstone Assemblage including Facies Sxl (Cross-Laminated 
Sandstone). 
In general, there are two broad categories of fades: sedimentary structure-
bearing (henceforth referred to as 'structured') fades (# 1) and composite 
fades (# 6-11) and structureless or apparently structureless fades(# 2-5). The 
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structureless facies dominate the sequence and are more common than the 
structured fades. In the latter group, apart from SHCS, SDLMB and SXB, 
various graded fades (SGG, SFLGB and SXLGB) are conspicuous in the 
Broughton Formation. 
Whereas all of the above-mentioned fades occur in the Broughton 
Formation, the upper Berry Siltstone being only partially penetrated by four 
boreholes (DM Wollongong 13, CPM Nattai 1, DM Oakdale 1 and Alliance 
Cataract 1) is represented by Fdmb (# 4) alone. Facies Slax and Composite 
Facies SXLGB (# 11) occur only in BH DM Wollongong 35 and University of 
Wollongong (UWl), respectively. 
The relevance of some of the facies to the Erins Vale Formation is indicated 
by a footnote. 
2.2 FACIES Slax: LOW-ANGLE CROSS-STRATIFIED SANDSTONEl 
2.2.1 Description 
This well sorted, unbioturbated sandstone facies has fine-grained sand in the 
lower 5 m which coarsens upward into fine- to medium-grained sand. It 
contains fossil shell fragments. Facies Slax has very diffuse laminae parallel 
to lower set contacts and has set boundaries that are generally non-parallel to 
each other with a low-angle of inclination suggesting low-angle cross-
stratification (Fig. 2.1). 
Facies Slax occurs only in BH Wollongong 35 sequence within the depth 
interval 819-812 m (Appendix 2.2.5). 
2.2.2 Interpretation 
The sedimentary structure is probably swaley cross-stratification indicative 
of storm wave deposition on a shoreface. The alternative is swash cross-
stratification, which is not favoured because of a lack of upward-fining 
grain-size trend associated with foreshore sequences. On the contrary, the 
sequence coarsens upward. The interpretation is speculative and the single 
known occurrence of this facies restricts its scope for further examination. 
1 Also occurs in the Erins Vale Formation but with a different and diversified mode of 
occurrence. This is why Facies Slax in the Erins Vale Formation is defined and interpreted 
independently in Chapter 3. 
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2.3 FACIES Sma: MASSIVE-APPEARING SANDSTONE 1 
2.3.1 General Characteristics 
This facies consists of 'apparently structureless' mostly fine- to medium-
grained sandstone which is moderately sorted, argillaceous, calcareous and 
micaceous. It has some sharp internal contacts; sand-size graded discrete 
layers forming an amalgamated sequence; content grading in some units; 
calcium carbonate-rich horizons and fine shelly fragments in a few places; 
and very rare body fossils. 
The thickness of individual occurrences of this facies ranges from 20 to 70 
cm. The amalgamated units are generally 3-6 m thick; an Sma unit with 
internal contacts is 19 m thick in BH Moonshine 7 A sequence. 
2.3.2 Designation and Range of Genetical Possibilities 
Massive appearing facies may result from one or more of the following 
causes: 
(1) apparent lack of structure (structures unseen in visual examination of 
cores) with the possibility that the deposits might not be truly massive; 
(2) formed by rapid deposition from sediment laden flows; and 
(3) soft-sediment deformation, including bioturbation, rendering 
sequences with primary sedimentary structures into a massive body 
(Collinson and Thompson, 1989, p. 104). 
There is a real possibility that some of the Sma beds are actually Composite 
Fades SHCS or Facies Slax (of SCS origin) because compaction of generally 
unimodal, lithic grains might have rendered the structures undiscernible in 
cores. This is also supported by the interpreted storm origin of Fades Sma 
(see Sections 2.3.3 and 2.3.4). 
2.3.3 Association with Calcium Carbonate Containing Horizons 
Some thicker Sma units are moderately calcareous. Other than these, well-
defined, thin (1-5 cm) calcareous sandstone bands, with sharp upper and 
lower contacts, are found within or at the base of Facies Sma in a few places 
lAlso occurs in the Erins Vale Formation (see BH Alliance Cataract 1 in Appendix 2). 
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(Fig. 2.2). Some shell debris are noted in Sma and also in Composite Facies 
SGG as a bioclastic lag deposit (e.g. BH Huntley 7, Appendix 2). Brackett and 
Bush (1986, p. 156) found the relative abundance of, and sharp increase in 
calcium carbonate content to be one of the most useful criteria for 
recognition of boundaries of modern storm deposits on the Puerto Rican 
continental shelf. 
2.3.4 Interpretation 
Intense storms are capable of wiping out organisms. Also, the thickness of 
well preserved storm beds is a function of storm intensity; intense storms 
can produce thick, apparently massive deposits that are well preserved and 
this is more likely to occur in proximal shelf conditions (Brackett and Bush, 
1986). This aspect is further discussed in Section 2.13. 
Facies Sma, having concentrated calcium carbonate horizons, occasional fine 
shelly fragments, better sorting, association with traction structures (like 
diffusely laminated facies, cross-lamination, etc.) and relative lack of 
burrows (unlike the low-energy, deeper water, pervasively bioturbated, 
mottled fabric of Facies Smb) is interpreted to be the product of intense 
storms in a range of depositional gradient from lower shoreface or its deltaic 
equivalents to shoreline zones. Other evidences include sharp internal 
contacts, with or without textural/lithological change across them, and 
discrete sand-size graded layers (also present in Facies Smb; see Section 
2.4.2.1) within amalgamated Facies Sma and content grading in some places. 
Facies Sma occurring in the upper parts of the Broughton Formation 
sequence is likely to be washover fan deposits as suggested by facies 
associations (Appendix 2). Internal characteristics of Sma also suggest storm 
flood emplacement of sand-size graded, discrete layers with concentration of 
shelly fragments on barrier-beach environments. 
Another interpretation of this facies is that the thick deposits of Facies Sma 
with coarse sand grains and silty clasts overlying an erosive base and 
occurring in the upper part of the Broughton Formation near the 
continental facies (e.g. Boreholes Moonshine 7 A and Bootleg 8; Appendix 
2.2.4 and 2.2.8, respectively) could be subaqueous channel (tidal or 
distributary) or initial crevasse lobe deposits in interdistributary bays. 
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Since this fades occurs at numerous intervals within the formation, further 
determination of its specific depositional environment will depend on its 
position in fades successions. 
2.4 FACIES Smb: BIOTURBATED MASSIVE SANDSTONE, MINOR 
CONGLOMERATE, SILTSTONE AND MUDSTONEl 
2.4.1 Introduction 
Fades Smb, characterized by pervasive bioturbation, is the thickest and most 
commonly occurring fades in the Broughton Formation. The thickness 
ranges from less than 1 m to 15 m. Up to 4 m thick deposits of Fades Smb 
generally occur independently in the lower parts of all borehole sequences 
and up to 15 m thick (e.g. BH Moonshine 7 A) deposits, with discrete internal 
contacts, occur in the upper parts of many sequences. In addition, 
intercalated occurrences of Fades Smba..-~ noted with other fades throughout 
the Broughton Formation borehole sequences. In fact, thinner layers of 
Fades Smb are a component of all composite fades occurring in the middle 
and upper parts of the formation. 
Since Fades Smb is overwhelmingly dominant in the entire Broughton 
Formation and has an intertwined relationship with other fades, its 
abundance, trace fossil associations, mode of occurrence have important 
significance and use in palaeoenvironmental analysis. Thus a detailed 
account of constituent aspects of this fades is warranted. 
2.4.2 General Characteristics 
Fades Smb consists of massive, poorly sorted, very fine- to coarse-grained 
(usually fine- to medium-grained) sandstone and, in a few borehole 
sequences, minor conglomerate, siltstone and mudstone. In most cases, 
having bioturbate texture and burrow mottling (see glossary in Ekdale et al., 
1984), few individual distinct burrow types are identifiable. Biotic activities 
either produced a thoroughly homogeneous monolithic sandy unit without 
many obvious burrows (Fig. 2.3-a) or a characteristic ichnofabric of burrow 
mottling when the original sediments were a mixture of sand and mud with 
or without much carbonaceous input (Fig. 2.3-b ). The colours of this fades 
are light brownish gray, greenish gray, medium and rarely dark gray. 
1 Also occurs in the Erins Vale Formation. 
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In some borehole sequences, 2-20 cm thick bands of dark gray carbonaceous 
mudstone and light greenish gray chloritic claystone (originally tuffaceous?) 
occur sporadically. These are either structureless or laminated (disrupted by 
burrows or undisrupted). They also occur as discontinuous remnants of 
muddy laminae with carbonaceous materials forming laminae and partings 
(bedding planes) and in a few places, are accompanied by pyritized wood 
fragments (see Fig. 2.3-a}. Subordinate, sporadic occurrences of poorly sorted, 
very coarse-grained sand to granule/ small pebbly thin bands and stringers 
including single-grain trains are noted. The fades is usually argillaceous, in 
part, calcareous and rarely, carbonaceous. Fine-grained lithologies (very fine-
and fine-grained sandstone, siltstone and minor mudstone) and rarely fine-
to medium-grained sandstone (e.g. BH Nattai 1) occurring in the lower parts 
of some deeper borehole sequences are generally carbonaceous. Body fossil 
fragments of brachiopods, bivalves and foraminifers are sporadically present 
(Fig. 2.3-c). Glendonites are rarely present, specially in the dark-coloured 
fine-grained variety of Fades Smb. 
2.4.2.1 Internal Contacts 
Sharp internal contacts across which textural change may or may not occur 
are present in some portions of Fades Smb and Sma and some other 
composite fades. Size-graded units with or without being demarcated by 
these kinds of sharp contacts are also seen. In the case of Fades Smb, discrete 
layers composed of amalgamated beds are present which have a maximum 
thickness of up to 4 m (see Fig. 2.3-a). It should be mentioned here that the 
original depositional thickness of soft sediments must have been much 
greater than this, as compaction and lithification have affected them. Thus, 
it appears that the thicker beds of Fades Smb and Sma resulted from 
amalgamation of thinner beds. 
2.4.3 Interpretation 
A wide range of depositional gradient from offshore to marginal marine 
environments is interpreted for Smb mainly depending on its mode of 
occurrence in the fades successions (see Section 2.13 for further detail). 
Extensively bioturbated, massive fades are prevalent in offshore to 
transition zones to lower shoreface sequences (e.g. McCubbin, 1982; Lowry et 
al., 1986). In the case of thick deposits of Fades Smb. in the low.er parts of 
most borehole sequences, pervasive bioturbation destroyed many original 
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bedding contacts indicating intermittent deposition followed by thorough 
bioturbation. The complete lack of sedimentary structures or association of 
any structured composite fades suggests an offshore environment below 
effective wave base (lower offshore). However, the sharp internal contacts 
indicate deposition events from mass flows or suspension clouds triggered 
by intermittent, episodic events such as storm flows, gravity-induced 
turbidity flows or river-flood-derived underflows (interpreted sediment 
transport mechanism is given in Chapter 8). 
Other units of Smb occurring in the lower-middle to middle parts of the 
stratigraphic sequences suggest above storm wave base sedimentation in 
upper offshore to shoreface environments, and those in the middle to upper 
parts indicate shoreface to upper shoreface/marginal marine settings of sub-
tidal/ distributary channels, lagoons and interdistributary splays (see Section 
2.13). This interpretation is dependent upon associated composite fades with 
interpreted sedimentary structures; sharp-based low- to moderate-angle 
coarse-grained stringers indicating remnants of cross-beds; discontinuous 
muddy laminae representing remnants of original mudstone layers; 
normally graded discrete beds with or without sharp bases (destroyed by 
bioturbation) and basal clasts; and escape burrows (jugichnia; see Fig. 2.6-c). 
2.4.4 Subfacies of Fades Smb 
There are three bases for assigning subfacies status: colour, lithology and 
trace fossils. 
The various colours of Fades Smb are light brownish gray, greenish gray, 
medium and dark gray. Although light coloured units are common, dark 
coloured types also occur - the contact between the two being marked by both 
gradational and sharp transitions (Fig. 2.3-d). With some exceptions, the 
dark-coloured variety is finer than the fine- to medium-grained sandstones 
of the typical Smb units. In addition, Zoophycos ichnofacies characterize 
some of the dark-coloured fine-grained units. Another type which is not 
typical of the sandy bioturbated fades is the conglomeratic unit. Based on the 
above, the two subfacies of Smb are: 
(1) Fdmb: Dark Coloured, Bioturbated and Massive Fine-Grained Rocks 
(2) Gmb: Bioturbated, Massive Conglomerate. 
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The above differences require that the following two subfacies of Facies Smb 
be discussed separately in the context of the broad similarity among all types 
of bioturbated and massive lithologies. Overall description and 
interpretation of Facies Smb still hold for these subfacies. 
The interpretation is as for Facies Smb and depends on position in the facies 
successions. 
2.4.5 Subfacies Fdmb: Dark Coloured, Bioturbated and Massive Fine-
Grained Rocksl 
It is generally observed that the darker coloured versions are finer grained, 
many contain disseminated carbonaceous particles, have Zoophycos (Fig. 
2.3-e) and in some places, Cruziana ichnofacies (Fig. 2.3-f). They primarily 
occur in the Berry Siltstone and in the deeper parts of some borehole 
sequences in the Broughton Formation. 
Subfacies Fdmb consists of pervasively bioturbated, massive siltstone, very 
fine- and fine-grained sandstone (in a few places, fine- to medium-grained) 
and silty mudstone that appear to be pyritic. Colours are dark greenish gray 
or dark gray. The colour is probably a function of grain size, composition 
(more carbonaceous materials?), reducing or oxygen-deficient depositional 
condition and diagenetic change. In a few places, the occurrence of 
glendonites indicates a near-freezing substrate condition (Jones et al., 1988). 
In particular, fine-grained, darker and carbonaceous-rich samples of the 
Zoophycos ichnofacies occurring in certain borehole sequences indicate 
quiet, very low-energy and oxygen-deficient conditions that occur below 
storm wave base in the offshore region (e.g. Pemberton et al., 1992; Walker 
and Plint, 1992). It can also indicate a prodelta setting with Cruziana 
ichnofacies (e.g. BH Huntley 7). For the fine- to medium-grained sandstone 
component of Facies Fdmb occurring in the lower part of Borehole Nattai 1, 
influence of proximal vegetative sources and/ or lack of significant wave 
action (see Appendix 2.2.2) may also be interpreted. 
1 Also occurs in the Erins Vale Formation indicating deep water conditions (see Boreholes 
Bootleg 8 and Alliance Cataract 1 in Appendix 2 and Chapter 4). 
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2.4.6 Subfacies Gmb: Bioturbated, Massive Conglomeratel 
Bioturbated, massive granule-pebble conglomerates are matrix supported; 
rarely clast-supported; occasionally graded; polymodal; poorly sorted; contain 
volcanic rock fragments, feldspars, etc.; some samples have Skolithos; and 
have either diffuse or sharp contacts (Fig. 2.3-g). 
2.4.7 Compositional Variations in Smb, Fdmb and Gmb 
Facies Smb units are dominantly volcanolithic in most of the borehole 
sequences. However, significant contribution of quartz from cratonic sources 
are noted in Boreholes Nattai 1, Oakdale 1 and Bootleg 8 sequences. For 
instance, Subfacies Fdmb samples from the Broughton Formation occurring 
in BH Oakdale 1 and Nattai 1 are quartz-rich, as are those from the Kulnura 
Marine Tongue Member (Erins Vale Formation) in BH Bootleg 8. Subfacies 
Gmb samples from the upper Erins Vale Formation in BH Bootleg 8 and 
Wollongong 13 have quartzite, chert, and quartz in addition to volcanic rock 
fragments. 
2.5 Difference Between Fades Smb and Sma 
Facies Smb is different from Facies Sma in the sense that while extensive 
bioturbation is obvious in the former, imparting a mottled fabric to it in 
many samples, in the case of the latter it is uncertain whether the 
massiveness is due to unrecognizable pervasive bioturbation. Also, Facies 
Smb is not generally calcareous and is muddier than Facies Sma. Sorting is 
better in Facies Sma than in Facies Smb. 
2.6 COMPOSITE FACIES SDLMB: DIFFUSELY LAMINATED, MASSIVE 
AND BIOTURBATED SANDSTONE ASSEMBLAGE 
2.6.1 General Characteristics: Diffusely Laminated Sandstone (Fades Sdl) 
and Associated Massive Sandstone 
This generally fine- to medium-grained sandy composite fades is 
characterized by interbedded moderately burrowed, diffusely laminated 
fades (Sdl; see below), bioturbated massive sandstone intervals of Facies 
1 Also occurs in the Erins Vale Formation containing Ophiomorpha or Cylindrichnus 
ichnofacies and coaly lenticles and is interpreted as shoreline and marginal marine 
environment including fan deltaic deposition (see details in BH Wollongong 13 and Bootleg 8, 
Appendix 2). 
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Smb and in some cases, massive-appearing sandstone of Facies Sma with 
gradational contacts among them. Coarse-grained stringers and layers are 
present in places. Figure 2.4 provides an example of this composite facies 
from BH UWl (Appendix 2.2.6). 
Detailed description and interpretation of representative samples of Fades 
Sdl and Composite Facies SDLMB follow. 
2.6.2 Fades Sdl: Diffusely Laminated Sandstone 
2.6.2.1 Description 
This sporadically burrowed, fine- to medium-grained sandstone appears to 
be massive at quick glance but close inspection of cores, especially slabbed 
cores, reveals a subtle lamination pattern. Laminae are diffuse, planar, 
subplanar to low-angle, discontinuous, uneven and occasionally undulating 
(see Fig. 2.4). The thickness of this facies ranges from 10-200 cm, usually 
between 10-50 cm. 
2.6.2.2 Interpretation 
Diffuse horizontal and subhorizontal laminae, forming parts of sharp-based, 
moderately burrowed and normally graded storm deposits affected by fair-
weather and storm waves, have been described from the Ship Shoal on the 
inner shelf of the northern Gulf of Mexico (Penland et al., 1986, p. 88). Also, 
the "subtle thickening and thinning" of laminae, that are recognized in the 
present study, are akin to those found in modern storm beds on the Texas 
shelf (Snedden and Nummedal, 1991, p. 289) and are similar to "gentle 
pinch-and-swale" lamination seen in ancient storm deposits (Kreisa, 1981, 
cited by Snedden and Nummedal, 1991, p. 289). Similar structures, 
interpreted to have been formed by single storm events in the lower 
shoreface to offshore settings, were called "quasi-planar lamination" by 
Arnott (1993). Based on flume experiments, the causative processes have 
been interpreted as oscillatory-dominant combined flow with a weak 
unidirectional component acting on a sand substrate during the waning 
phase of a storm (Arnott and Southard, 1990; Snedden and Nummedal, 
1991). 
While some of the flat laminae might be of lower flow regime origin as they 
seem to drape coarse-grained layers (see Fig. 2.4), thickening and thinning 
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aspects of the thin laminae may be attributed to rolling grain ripples forming 
thin, low angle cross-laminae or flat laminae produced from a low orbital 
flow velocity. With stronger and more persistent orbital velocity of an 
oscillatory-dominant combined flow, 3-dimensional megaripples 
(hummocky cross-stratification - HCS) would have resulted and with even 
stronger flow, upper plane beds would have formed (Fig. 2.5). This is 
supported by the association of diffusely laminated facies with HCS fades in 
some sequences (e.g. BH UWl and Alliance Cataract 1; see Appendix 2.2.6 
and 2.2.7, respectively). 
2.6.3 Interpretation of Composite Facies SDLMB 
Sedimentary structures and interbedded bioturbated lithologies in the 
Composite Facies SDLMB indicate a quiet water depositional setting in lower 
shoreface and offshore areas similar to Composite Fades Hummocky Cross-
stratified Sandstone Assemblage (SHCS). From time to time, relatively weak, 
distal components of storm-driven flows produced diffuse low-angle cross-
laminae or flat laminae with occasional thickening and thinning aspects 
typical of rolling grain ripple laminae. The set contacts represent 
emplacement by individual storm events or fluctuating storm flows. 
Sporadic coarse-grains, wherever present, suggest variability of sediment 
supply in the source areas and/ or variability of parameters of storm 
processes. The continued presence of burrows in many examples of diffusely 
laminated fades (Sdl) indicates relatively weaker strength flows which were 
unable to wipe out the organisms, unlike the more intense/proximal storm 
flows producing hummocky strata. In brief, SDLMB indicates a relatively 
quiet environment in the upper offshore areas occasionally punctuated by 
distal storm flows. 
2.7 COMPOSITE FACIES SFLGB: LAMINATED, GRADED AND 
BIOTURBATED SANDSTONE AND FINER GRAINED ROCKS 
2.7.1 General Characteristics: Laminated and Graded Sandstone and Finer 
Grained Rocks (Facies SFlg) and Associated Massive Sandstone 
The key components of this composite fades are the intercalated layers of 
very fine- to fine-grained (in places, fine- to medium-grained) sandstone and 
subordinate siltstone and mudstone with partially-preserved sedimentary 
structures and recognizable biogenic structures of Facies SFlg. These are 
associated with the bioturbated massive intervals of Facies Smb (rarely with 
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apparently unbioturbated massive facies of Facies Sma) of varying thickness. 
In places, the sandstone is calcareous but generally it is argillaceous. 
Mudrocks are carbonaceous. 
Facies SFlg is characterized by commonly occurring moderate bioturbation, 
disrupted planar laminae and internal grading of some relatively thicker 
planar laminae, sporadic flaser laminae, micro-cross-laminae and rare flame 
structures. These sedimentary structures are traversed by distinct and 
spectacular domichnia of suspension feeders. 
Facies SFlg's intimate relation with the massive sandstone facies requires 
that it should be described in the context of Composite Facies SFLGB. 
Detailed description and interpretation of representative samples of Facies 
SFlg and Composite Facies SFLGB follow. 
2.7.2 Description of Composite Fades SFLGB 
Sandstone dominated samples (Fig. 2.6-a) have sporadically burrowed, 
planar laminated intervals of Facies SFlg interbedded with bioturbated 
massive sandstone (Facies Smb) and rarely with massive-appearing 
sandstone (Facies Sma). Laminae are about 0.5 cm thick or less, and some 
appear to be internally graded. Planar mud laminae (carbonaceous in many 
samples), flaser lamination and thin muddy bands are also present. A trace 
fossil, tentatively interpreted as Cylindrichnus (see Section 2.7.4), is present 
in the Facies SFlg portion of this composite facies. 
In other examples (Fig. 2.6-b ), a medium- to coarse-grained, internally 
normally graded, about 0.5 cm thick basal layer is succeeded by alternating 
bands of 2-5 cm thick (range: 2-10 cm), light coloured, bioturbated, very fine-
to fine-grained sandstone (Facies Smb) and dark-coloured, variably 
bioturbated to unburrowed mudrock. The latter, comprising Facies SFlg, 
shows very thin (micro-thin) to thin silty laminae. Apart from some 
unidentified burrows, a spectacular Ophiomorpha longitudinally cuts 
through this composite facies. 
Another similar sample, which is finer grained and darker in colour than 
the above examples, shows that in addition to sharp-based, silty planar 
laminae, mudrock bands of Facies SFlg have micro-cross-lamination and 
sporadic flame structures (Fig. 2.6-c). The intervening bioturbated massive 
sandstone layer has retrusive Diplocraterion. 
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This facies is best developed in BH Bootleg 8 (Appendix 2.2.8) and has a 
thickness ranging from about 25 cm for individual units to 3.25 m for 
amalgamated units with sharp internal contacts. 
In some places (e.g. BH Nattai from 307.87 m upward, Appendix 2.2.2; and 
BH Wollongong 13, Appendix 2.2.1), although the bioturbated massive 
sandstone component (Facies Smb) still dominates, mudrock intervals (see 
Fig. 2.6-c) are relatively more voluminous and frequent in occurrence than 
those indicated in the sandy examples (see Figs 2.6-a and 2.6-b ). In such cases, 
sedimentary structures in the sandstone component of Facies SFlg are 
generally missing and planar and evenly laminated mudrock layers ranging 
in thickness from 5-25 cm are sporadically interbedded with 50-90 cm thick 
beds of Facies Smb. The Smb units show scattered wisps and remnants of 
disrupted carbonaceous muddy /silty laminae and burrow margins 
throughout their matrix. This indicates that many interbedded mudstone 
and siltstone layers and originally graded-laminated sandstone intervals 
were destroyed by bioturbation and the existing fine-grained intervals 
represent chance preservation of some of these layers. 
2.7.3 Trace Fossils in Composite Fades SFLGB1 
Typically laminated, graded units of Facies SFlg are variably burrowed and 
are interbedded with bioturbated massive sandstone. 
A spectacular trace fossil in Facies SFlg is shown in Figure 2.6-a. The 
geometry of the burrow including the sizes of the whole trace and the 
internal sand-filled tube have certain similarities with Cylindrichnus (see 
Lindholm, 1987, p. 84-85). Cylindrichnus has a diameter of the whole trace 
and internal tube ranging between 10-20 mm and 2-4 mm, respectively - the 
present example has about 18 mm and 2 mm, respectively. However, the 
central tube appears to be asymmetrically positioned within the whole 
burrow trace as opposed to more symmetrical occurrence of the tube in 
Cylindrichnus. One speculation is that the animal might have progressively 
shifted to one side. 
An Ophiomorpha showing locally swollen chambers and long extension of 
the shaft is indicative of a distinctive domichnia adaptation of the organism 
lsee the scope of ichnological studies in Section 2.12. 
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in response to repetitive influx of sediments (Heinburg and Burkelund, 
1984, p. 363; see Fig. 2.6-b). 
Intercalated bioturbated massive units in the BH Wollongong 13 sequence 
exhibit a probable retrusive type of Diplocraterion (see Fig. 2.6-c; Lindholm, 
1987, fig. 4.25). 
In conclusion, the identified trace fossils in this fades association are 
domichnia of suspension feeders indicating relatively energetic conditions 
with repetitive influx of sediments bringing in nutrients. 
2.7.4 Interpretation of Composite Fades SFLGB 
A common and integral part of the depositional processes represented by the 
vanous interpretations of SFLGB is a waxing and waning depositional 
mode. 
The three alternative interpretations of SFLGB are explained below. The 2nd 
and third interpretations, making much more sense in vertical fades 
successions, are favoured. 
(1) Offshore and shoreface storm layers: 
Alternating bands of sand and mud indicate deposition of storm layers 
and post-storm quiet period sedimentation, respectively. Sharp-based, 
internally graded laminae represent episodic emplacement during storms 
and are interpreted as distal gravity flows in offshore areas (Keith, 1991, p. 
466). Micro-cross-laminae whereas flaser laminae probably indicate ripple 
activities and occasional preservation of mud draping the ripples suggests 
very low wave energy conditions. 
(2) Interdistributary bays: 
Shallow water graded beds in interdistributary bays are interpreted. 
Detailed interpretation is given in BH Wollongong 13 (see Appendix 2.2.1). 
(3) Tidal flat: 
Facies SFlg has the hallmark of fluctuating sedimentation style of tidal 
flows. Alternate sand and mud, planar and flaser laminae, micro-cross-
laminae, flame structures, vertical burrows of suspension feeders sustained 
by repeated influx of finer sediments in suspension· and fades -succession 
indicate tidal flat. Prevalence of planar laminae and internally graded 
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laminae in some samples (see Fig. 2.6-b), as opposed to characteristic flaser 
laminae and micro-cross-lamination (see Fig. 2.6-c), suggest that sand and 
mud laminae were deposited from weak tidal currents which were too slow 
to produce any significant ripples (Dalrymple, 1992, p. 199). 
2.8 COMPOSITE FACIES SGG: GRADED SANDSTONE, SUBORDINATE 
CONGLOMERATE AND MINOR MUDSTONE ASSEMBLAGE 
2.8.1 General Characteristics: Graded Sequences and Associated Massive 
Sediments 
Coarse-grained interbeds, fining upward sequences, coarse and fine rhythmic 
fades (i.e. essentially graded sequences) and associated bioturbated massive 
intervals are the chief characteristics of this broad based composite fades. 
2.8.2 Description 
There are two occurrences of this composite fades: (1) Fining Upward 
Coarse-Grained and Sandy Fades; and (2) Coarse and Fine Rhythmic Facies 
2.8.2.1 SGG-1: Fining Upward Coarse-Grained and Sandy Fades 
This commonly occurring fades consists of medium- to coarse-grained or 
fine- to medium-grained sandstone containing sporadic occurrences of 3-17 
cm thick, generally sharp-based, very coarse sandy I granular I small pebbly 
layers or stringers (Fig. 2.7-a). The coarse-grained horizons are massive, 
normally graded or ungraded (caused by greater degree of bioturbation) and 
could also be diffusely low-angle cross-stratified in some samples. 
In many places, the sandstone facies fines upward into variably burrowed, 
laminated or unlaminated fine sand and/ or thin silty or muddy intervals. 
Only the sporadic, thin and non-laminated occurrences of these upper fine-
grained units are included in Composite Facies SGG-I. That is, if the fine-
grained horizons are planar, flaser or micro-cross laminated, occur with 
significant frequency and thickness and are intercalated with bioturbated 
massive sandstone (Fades Smb ), they would be classified as Composite 
Fades SFLGB. 
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2.8.2.2 SGG-11: Coarse and Fine Rhythmic Fades 
This has alternate coarse-grained (generally coarse to very coarse sands and 
small pebbles) and fine-grained (muddy /silty) lithologies with sharp wavy 
contacts in a background of mostly fine- to medium-grained sand 
sedimentation (Fig, 2.7-b). The coarse horizons are either rippled or non-
rippled and are generally poorly to moderately sorted with sub-angular to 
rounded lithic clasts. The units are sharp-based, clast-supported or matrix-
supported with diffuse lower contacts. Diffuse lower contacts are attributed 
to the destruction of the original fabric and contact by bioturbation. 
2.8.3 Interpretation 
Like SFLGB, a common and integral part of the depositional processes 
represented by the various interpretations of SGG is a waxing and waning 
depositional mode probably linked to discharge fluctuations. 
The interpretations for SGG are: (1) middle to upper shoreface/ foreshore 
storm layers; (2) delta front sands; (3) washover fans; (4) crevasse splay in 
interdistributary bays; and (5) river-derived floods and tidal influence in 
channels as follows. 
(1) Middle to upper shoreface/foreshore storm layers: 
Graded coarse-grained horizons in SGG can be interpreted as storm 
layers on the middle to upper shoreface or foreshore. Bioclastic lags, as seen 
in BH Huntley 7, furnish supporting evidence (Appendix 2.3.4). The lower 
part of BH UWl provides an example of foreshore storm layers (Appendix 
2.2.6). 
(2) Crevasse splays in interdistributary bays: 
Floods breach levees in distributary channels and deliver coarse elastic 
materials into an interdistributary bay in the form of crevasse lobes 
(Coleman and Prior, 1982). Coarse-grained layers, massive and graded sandy 
beds with occasional diffuse low-angle cross-stratification (Composite Fades 
SGG-1) can form from rapid deposition of sediment-laden flood flows into 
interdistributary bays in the form of crevasse splays and channel. Borehole 
Wollongong 13 provides an example (Appendix 2.2.1). 
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(3) W ashover fans: 
It is conceivable that storm flows passing over barrier islands or bars 
into a lagoon can form washover fans with characteristics similar to crevasse 
lobes described above. Facies relations and associated bioturbated sediments 
are supportive evidence (e.g. BH Moonshine 7 A; Appendix 2.2.4). 
(4) Delta front: 
Graded, massive deposits reflecting fluctuations in fluvial discharge are 
characteristic of river-dominated deltas (Bhattacharya and Walker, 1992). 
This interpretation is favoured for Borehole Huntley 7 because of vertical 
facies relations, the poorly sorted lithologies attesting little basinal influence 
and an intervening cross-stratified sandstone unit (Appendix 2.4). 
(5) River-derived floods and tidal channel-fill: 
The sediments might have been brought in to the shoreline by river-
derived floods and were reworked and accumulated as tidal channel-fill 
deposits. In a volcanically-active, sand-dominated depositional setting like 
that envisaged for the Broughton Formation (see Chapter 8), tidal reworking 
may conceivably deposit coarse-grained and sandy graded beds from 
decelerating tidal flows after the passage of waxing river-derived floods. 
Although subenvironments of channel sedimentation (e.g. point bars, etc.) 
cannot be determined, a generalized interpretation of tidal channel-fill is 
suggested. 
A subtidal channel option is favoured by fluctuating sedimentation of 
coarse- and fine-grained layers that are characteristic of tidal flows - graded 
beds representing deceleration of tidal flows in the channel after its peak 
waxing stage had passed. Tidal channel-fill deposits have cross-stratification, 
flaser laminations, sharp bases with occasional basal clasts and fining 
upward cycles (Weimer et al., 1982). Except for cross-stratification, SGG has 
most other features, although some are poorly developed. Also, SGG's 
association with tidal flat facies of SFLGB in some borehole sequences 
indicate that a tidal channel-fill is a favoured interpretation for SGG. 
Accompanying interbedded massive sandstones (Facies Smb and Sma) also 
suggest tidal/ distributary channels or washover fans that had been 
bioturbated after deposition (Smb ). Boreholes Moonshine 7 A and UWl 
sequences offer some examples (Appendix 2.2.4 and 2.2.6, respectively). 
In general, tidally and/ or storm wave influenced environments are 
indicated. The waxing and waning stages of storm episodes or fluctuating 
tidal flows are respectively represented by coarse-grained and thinner, 
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muddy /silty phases occurring at irregular intervals in the background of 
fine to medium/ coarse sand sedimentation. 
Mud drapes originally capped some of these layers during post-storm 
quiet period or slack tidal flows, many of which were probably removed 
wholly or partially or eroded down to a thin film during subsequent erosive 
flows. It is likely that the mud films represent ill-defined flaser laminations 
indicating tidal influence (Swift, 1985). Coarse-grained ripples with or 
without this mud drape and the chance preservation of a carbonaceous 
mudstone layer are shown in Figure 2.7-b. 
2.8.4 Comparison between SGG-1 and -II 
Stronger flow strength and greater tidal influence are marked in SGG-11 
compared to SGG-1, and are supported by the former having more 
pronounced alternate coarse and fine lithologies, better sorted grains, coarse-
grained ripples (CGR) and crude flaser lamination. In a relative sense, SGG-
11 represents more energetic and proximal tidal/ shoreline facies than SGG-1. 
The shoreline facies of Composite Facies SGG have affinities with SFLGB, 
SXLGB, Smb and Sma. Facies succession studies in each borehole sequence 
would determine the specific palaeoenvironment for these facies 
assemblages (see Appendix 2). 
2.9 COMPOSITE FACIES SHCS: HUMMOCKY CROSS-STRATIFIED 
SANDSTONE ASSEMBLAGE 
2.9.1 General Characteristics: Hummocky Cross-Stratified Sandstone and 
Associated Bioturbated Massive Sediments 
This composite facies is characterized by hummocky cross-stratified fine- to 
medium-grained sandstone intimately associated with bioturbated massive 
sandstone of same size grades, minor mudstone and rarely with 
ungraded/ graded massive conglomerate. It usually occurs in the lower part 
of the borehole sequences above thicker units of Facies Smb. 
2.9.2 Description and Recognition of HCS 
It is difficult to identify HCS in cores; especially in the present case with 
generally homogeneous lithic sandstones where well sorted, well-defined, 
continuous, even laminae commonly seen in classical HCS examples may 
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have been masked by compaction of lithic fragments rendering the 
sediments apparently massive. A probable example in this regard is Facies 
Sma (see Section 2.3.2). Also, it is very likely that many originally deposited 
hummocky strata were obliterated by abundant post-depositional pervasive 
bioturbation. Thus, Composite Facies SHCS is probably significantly under-
represented in these cores. 
Outcrop examples of hummocky and swaley cross-stratification (HCS and 
SCS) in the Broughton Formation from the greater Wollongong area and 
Kiama district (see Chapter 5 and Chapter 8) suggest the probable occurrences 
of these structures in the borehole sequences. However, for identification 
purpose, an extrapolation from outcrops to borehole sequences would be 
questionable. Thus, bearing in mind the difficulties associated with the 
recognition of HCS from the limited dimensions of cores (1-3 m diameter of 
hummocks vs 3 cm of core thickness; Lowry et al., 1986; Snedden and 
Nummedal, 1991), the present examples are interpreted to be HCS on the 
basis of following observable evidences: 
(1) The presence of numerous low-angle internal truncation surfaces, 
representing second order bounding surfaces (set contacts), is a criteria 
for HCS recognition in cores (Lowry et al., 1986, p. 398; Snedden and 
Nummedal, 1991, p. 289). These are present in this facies (Fig. 2.8). 
(2) The low-angle laminae shown in Figure 2.8 are parallel to the lower set 
contact but are truncated by the upper set contact. This lamination 
pattern is another characteristic of HCS (e.g. Harms et al., 1982; 
Lindholm, 1987; Corbett et al., 1994). 
(3) HCS beds are sharp-based as in the present examples (e.g. Jones and 
Desrochers, 1992, p. 281; Sarni and Desrochers, 1992, p. 365). 
(4) Other evidences for HCS include: micro-swales containing curved 
laminae progressively becoming flatter upward; scoured top of an 
intervening mud film draping a set contact which indicates erosive 
emplacement by storm; a hint of a mud film draping over a hummock 
over the uppermost HCS set (see Fig. 2.8). 
(5) Associated interbedded bioturbated massive lithologies (Facies Smb), 
which form a characteristic HCS association, are a typical feature of this 
composite fades (see Fig. 2.3-g). 
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2.9.3 Probability of Swaley Cross-Stratification 
Any attempt to distinguish SCS from HCS just from the nature of strata 
orientation found within the limited width of cores would be highly 
questionable. Since SCS is not generally associated with bioturbated 
sediments, it appears to be absent from the studied borehole sequences of the 
Broughton Formation except for one possible interval at the base of 
Borehole Wollongong 35 which is relatively unburrowed (see Section 2.2). 
2.9.4 Brief Description and Implications of Composite Fades SHCS 
Usually, 5-20 cm (maximum 50 cm) HCS sandstone strata are interbedded 
with thinner or subequally thick bioturbated massive sandstone (Smb), 
minor granule-small pebble conglomerate and rarely with mudstone. The 
minor conglomeratic intervals include coarse-grained stringers and thin, 
ungraded, matrix-supported layers disturbed by burrows and rare, normally 
graded and clast-supported layers. Burrows progressively become more 
frequent from the upper part of an HCS unit into the overlying bioturbated 
unit. 
The interbedded HCS and bioturbated massive lithologies in the Composite 
Fades SHCS is a very characteristic HCS association in lower shoreface and 
offshore areas (e.g. Harms et al., 1982; Dott and Bourgeois, 1983; Walker et al., 
1983; Duke, 1985; Duke et al., 1991) but are more likely to be preserved in 
offshore areas (Walker 1991; Walker and Plint, 1992). During storms, 
organisms are wiped out and they return during quiet periods and colonize 
storm beds and sediments deposited under low energy conditions (e.g. 
Ekdale et al., 1984, p. 198; Duke et al., 1991, p. 351). 
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2.10 COMPOSITE FACIES SXB: CROSS-BEDDED AND BIOTURBATED 
SANDSTONE ASSEMBLAGEl 
2.10.1 General Characteristics: Cross-Bedded Sandstone (Fades Sx) and 
Associated Bioturbated Sediments 
This facies assemblage has fine- to medium-grained and in places medium-
to coarse-grained sandstone having interbedded sharp-based cross-bedding 
with minor cross-lamination (Facies Sx) and bioturbated, massive (Facies 
Smb) intervals ranging in thickness from 25-50 cm and 30-80 cm, 
respectively (Fig. 2.9). 
2.10.2 Description of Fades Sx 
Having an apparent set thickness of more than 5 cm (up to 20 cm or more?) 
in most places, Facies Sx may be classified as large-scale cross-stratified 
sandstone (Lindholm, 1987). It includes minor small-scale cross-strata in a 
few places. The cross-beds are of uncertain kind. Sands are clean and well-
sorted. The actual upper limit of the set thickness is probably much higher as 
it is difficult to ascertain the set boundaries of large-scale cross-beds in cores. 
Body fossils like brachiopods and bivalves (?Eurydamus sp.) are present 
which are indicative of open marine conditions such as sand banks (K. 
Campbell, pers. communication, 1994). 
Angle of repose cross-beds in the upper Broughton Formation crop out in 
the greater Wollongong area (see Chapter 5) and cross-beds with set 
thickness more than 1.5 m in the lower Broughton Formation have been 
reported from the Kiama district (Bull and Cas, 1989; Hitchen, 1997). These 
are not necessarily outcrop examples of Composite Facies SXB. The 
geographic distance between the borehole and outcrop locations does not 
permit an extrapolation. 
lcomposite Fades SXB differs from SXLGB (Section 2.11) in the following respects: (1) 
whereas cross-bedded sandstone is the predominant structured fades in SXB with minor cross-
lamina ted intervals, the cross-laminated sandstone is the only structured fades 
characterizing Composite Fades SXLGB; (2) the difference between cross-bedding and cross-
lamination is in terms of the scale of the set and strata thicknesses; (3) presence of body fossils 
in the cross-beds of SXB and the lack of the same in SXLGB; and (4) the presence of distinctive 
trace fossils in the cross-laminated intervals and associated graded beds in the Composite 
Facies SXLGB and the lack of the same in SXB. 
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2.10.3 Interpretation of Composite Fades SXB 
The cross-bedded units in this facies are interpreted to be dunes or middle to 
upper shoreface bars, which are common on modern shorefaces and are 
formed by fair-weather longshore and onshore currents (Walker and Flint, 
1992). Migration of small bedforms, bars and runnels on the shoreface 
produce scoured basal contacts and angle of repose cross-beds which can be 
preserved in the stratigraphic record (Walker and Flint, 1992, p. 220). As the 
bioturbated lower shoreface aggraded to the realm of middle/upper 
shoreface more affected by fair-weather conditions, the cross-beds were 
emplaced upon it. Associated body fossils also support an open marine 
condition. In a few places, the cross-laminated upper part founded on a 
high-angle sharp contact probably represent small-scale ripples 
superimposed on wave/ current modified bar I dune surfaces (see Fig. 2.9). 
Also, storm-induced, geostrophically balanced currents can produce angle of 
repose cross-beds (see Chapter 5). Tidally-influenced bottom currents 
produce large-scale cross-stratification (moderate angle of dip) and associated 
characteristics of tidal sedimentation. Boreholes Moonshine 7 A and 
Wollongong 35 sequences provide examples of SXB (Appendix 2.2.4 and 
2.2.5, respectively). 
Vertical facies relations suggest that an alternative interpretation is 
applicable to depth interval 6 of BH Wollongong 35 sequence: bioturbated 
cross-bedded channel sandstone (Appendix 2.2.5). 
2.11 COMPOSITE FACIES SXLGB: CROSS-LAMINATED, GRADED AND 
BIOTURBATED SANDSTONE ASSEMBLAGE 
2.11.1 General Characteristics: Cross-Laminated Sandstone (Fades Sxl) and 
Associated Graded, Bioturbated Sediments 
Composite Facies SXLGB contains an interbedded assemblage of moderately 
burrowed, cross-laminated sandstone (Facies Sxl) and variably thick, 
bioturbated, massive intervals of Facies Smb (Fig. 2.7). Depending on the 
degree of bioturbation, the fining-upward character of some of the associated 
massive beds may be seen. 
This composite facies occurs only in BH UWl sequence within the depth 
interval 92-97 m (Appendix 2.2.6). 
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2.11.2 Fades Sxl: Cross-Laminated Sandstone 
2.11.2.1 Description 
Having an apparent set thickness less than 5 cm and millimetre-scale cross-
strata, the cross-stratification in Composite Fades SXLGB may be classified as 
small-scale cross-stratification (Lindholm, 1987) or cross-lamination (Tucker, 
1982). Accordingly, the facies is called cross-laminated sandstone (Sxl). This 
translates into the main difference between Fades Sxl of SXLGB and Fades 
Sx of SXB as mentioned in Section 2.10. Also, having no subplanar, low-
angle cross-cutting attributes, low-angle cross-stratification and HCS/SCS are 
clearly ruled out (see Fig. 2.7~t:1.,b), 
Many internal scoured contacts and the presence of domichnia and 
fugichnia characterize Fades Sxl. The thickness of this facies ranges from 
about 10 cm to 65 cm. 
2.11.2.2 Interpretation 
Facies Sxl is interpreted to have been formed by the migration of small-scale 
ripples, probably three-dimensional type. 
Facies Sxl, including the significance of its internal scoured contacts and 
trace fossils, is further described and interpreted below in the context of 
Composite Facies SXLGB. 
2.11.3 Description of Composite Fades SXLGB 
Figure 2.10-a shows upward transition from Fades Smb to sub-planar, sharp-
based, normally graded (content grading: medium-coarse to fine sand), 
massive, medium-/ coarse-grained sandstone (which may be variably 
burrowed) to cross-laminated fine-grained sandstone. This finally gives way 
to another layer of medium- to coarse-grained sandstone which was 
subsequently bioturbated. 
Another example of cross-laminated fine-grained sandstone showing many 
internal scoured contacts and spectacular domichnia and fugichnia is 
illustrated in Figure 2.10-b. It lies above an extensively bioturbated, yet 
preserved normally graded (very coarse- to fine-grained) sandstone 
sequence. 
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2.11.4 Interpretation of Composite Fades SXLGB 
There are three alternative environmental niches interpreted for SXLGB: (1) 
"annual" storm layers on a shoreface; (2) crevasse splays in interdistributary 
bays; and (3) fluvial discharge and tidal channel-fills. 
The storm-layer interpretation is a rather simplistic explanation of SXLGB 
and it does not provide the best fit in the context of fades succession. A 
tidally-influenced setting furnishes a more satisfactory interpretation of the 
internal features of SXLGB, in addition to neatly explaining its position in 
the fades succession (see Appendix 2.2.6). These are explained below. 
(1) "Annual" storm layers on shoreface: 
A tremendous amount of bottom sediments can be scoured and 
suspended by waxing storm waves. As storms wane, these sediments rapidly 
settle down as a normally graded layer upon the sharp, erosive basal contact 
(Brackett and Bush, 1986). Ripple cross-lamination that caps this sequence 
may be attributed to waning storm and/ or fair-weather reworking of storm 
beds (Keith, 1991, p. 465). These graded storm beds could be related to the BX 
divisions of Walker et al.'s (1983, p. 1245) idealized BPHFXM sequence or AC 
divisions of the Bouma sequence (Collinson and Thompson, 1989, fig. 6.65, 
p. 106). However, the presence of burrows in the lower graded beds is an 
argument against a single depositional event producing such kinds of storm 
beds. 
Considering the cross-laminated component of Composite Fades 
SXLGB alone, the following interpretation may be presented. Aigner (1985, 
p. 40 and fig. 22) noted an abundance of cross-lamination in the transition 
zone between 10-15 m deep in German Bay, which may be regarded as the 
optimum depth for generation and preservation of the causative storm 
wave ripple bedforms in this bay. This depth range is variable from case to 
case depending on wave intensity, bathymetric and shoreline peculiarities, 
sediment load, salinity, etc. However, it has to be just beyond the very 
shallow coastal waters where fair-weather waves are destructive but above 
storm wave base so that storm waves can effect requisite oscillatory flow. 
Such kinds of ripple cross-lamination are thought to be the probable 
products of regular and relatively small-scale storms, called "annual" storms 
(sensu Walker, 1991, p. 9-10). Thus, frequent small-scale storms in relatively 
shallow water, much above maximum storm wave base but below effective 
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fair-weather wave base may be indicated by the amalgamated cross-
laminated upper intervals of Composite Facies SXLGB. 
(2) Crevasse splay in interdistributary bays: 
Graded beds, coarse elastic deposits, sand and silt laminae, and cross-
bedded sands are representative of crevasse splays and are interbedded with 
bioturbated fine-grained bay deposits in lower deltaic plains (Coleman and 
Prior, 1982, p. 150-152). SXLGB can be interpreted as one of the constituents 
of crevasse splays along with SGG and SFLGB. 
(3) Fluvial discharge and tidal channel-fill: 
The sharp-based, graded sequences in SXLGB are interpreted to have 
been deposited from tidally-influenced fluvial discharge. Although tidal 
flows may not usually carry sands in suspension to form graded beds, in a 
volcanically-active, sand-dominated depositional setting like that envisaged 
for the Broughton Formation (see Chapter 8), tidal reworking may 
conceivably deposit such beds from decelerating tidal flows after the passage 
of waxing river-derived floods (also explained for Composite Facies SGG; 
Section 2.8.3). 
Cross-stratification is common in tidal channel-fill deposits 
(Dalrymple, 1992). Sets of superimposed cross-laminated intervals bounded 
by scoured contacts (reactivation surfaces?) could be formed by waxing stages 
of moderately strong tractional flow of tides that first scoured part of the 
previous deposits and then, small-scale ripple migration ensued from 
waning tides. This process of alternate erosion and aggradation repeatedly 
forced the resident animals to respond to the changed sedimentation 
conditions in the form of fugichnia (escape structures). This inferred 
palaeoecological condition and the interpreted reactivation surfaces favour 
tidally influenced sedimentation over the other two (# 1 and 2 above) 
alternative interpretations advanced for Composite Facies SXLGB. 
2.12 TRACE FOSSILS 
The scope of this project does not permit a detailed ichnological study. 
Because of this reason, the author intends to confine the discussion 
employing the straightforward and useful concept of ichnofacies (e.g. 
Seilacher, 1967; Ekdale et al., 1984; Pemberton et al., 1992). However, the 
utility of the tools, such as the 'archetypal' ichnofacies and ichnofabric 
(Bromley, 1996) is recognized. 
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A limited scale study of the sparse identifiable burrow types in Facies Smb 
(the most dominant bioturbated facies in the Broughton Formation) and 
some other facies (e.g. those associated with SFLGB, SXLGB, Gmb, etc.) is 
undertaken. For a recent detailed ichnological study of the lower Broughton 
Formation exposed in the Kiama district, see Hitchen (1997). 
The following limitations have been kept in mind while interpreting the 
observa hons. 
(1) a premise that identified trace fossils are the commonly occurring type 
and are representative of the ichnocoenose of the concerned interval; 
and 
(2) the numbers of trace fossil species identified are not sufficient for a 
conclusive interpretation of palaeoenvironmental significance of trace 
fossils. 
The following trace fossils and their corresponding ichnofacies roughly 
represent offshore to nearshore transitions represented by the Broughton 
Formation trace fossil assemblages (based on Ekdale et al., 1984; Heinberg 
and Birkelund, 1984; Pemberton et al., 1992; Walker and Plint, 1992): 
Zoophycos of Zoophycos ichnofacies; Planolites and Muensteria of Cruziana 
ichnofacies (Ekdale et al., 1984, figs 3.5, 15.7; equivalent to Muensteria 
ichnocoenose of Heinburg and Birkelund, 1984, fig. 4); Skolithos, 
Diplocraterion, Cylindrichnus and Ophiomorpha of Skolithos ichnofacies. 
The following generalized interpretations of trace fossil assemblages in the 
bioturbated massive sandstone facies (Smb) and to a much lesser extent, of 
related facies can be made. Palaeoenvironmental evolution determined 
from major borehole sequences including references to trace fossils are 
mentioned separately (Appendix 2). 
Zoophycos and Cruziana ichnofacies are dominated by infaunal deposit 
feeders (jodinichia), hence, mostly occur as horizontal burrows. However, 
Cruziana being a diverse ichnofacies also contains suspension feeders 
(Ekdale et al., 1984). 
As Figure 2.3-e illustrates, Zoophycos-bearing darker, fine-grained 
components of Facies Smb (Zoophycos ichnofacies of Subfacies Fdmb; see 
Section 2.4.6) occurring in certain borehole sequences indicate quiet, low-
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energy environments below storm wave base in the offshore region (e.g. 
Pemberton et al., 1992; Walker and Plint, 1992). However, as opposed to 
Pemberton et al.'s (1992) suggestion, Zoophycos ichnofacies does not indicate 
anoxia but rather an oxygen-poor condition with oxygen level still higher 
than that tolerated by Chondrites (Savrda and Bottjer, 1986, p. 3). 
Planolites and Muensteria (see Fig. 2.3-f) share a common environmental 
preference for fine-grained sediments and low energy, with the latter 
ichnogenus being present in relatively higher energy conditions as well 
(Heinburg and Birkelund, 1984). Muensteria occurs in both fine-grained and 
relatively coarser sediments of Fades Smb. Cruziana ichnofacies having 
both a carbonaceous muddy character like Zoophycos ichnofacies and a fine-
grained sandy component indicates a depositional gradient which chiefly 
includes the low-energy, offshore setting located above storm wave base (e.g. 
Frey and Pemberton, 1985; Keith, 1991; Pemberton et al.,1992; Walker and 
Plint, 1992). 
Suspension feeders of the Skolithos ichnofades occur in Fades Smb, 
Subfacies Gmb and in related composite fades. It consists of the following 
trace fossils as illustrated by accompanying figures. Skolithos (see Fig. 2.3-a), 
Diplocraterion (see Fig. 2.6-c), Cylindrichnus (see Fig. 2.6-a) and 
Ophiomorpha (see Fig. 2.6-b). 
In Composite Fades Laminated, Graded, Bioturbated Sandstone and Fine 
Grained Rocks (SFLGB), Skolithos is ichnofacies is distinguished by the 
examples of Cylindrichnus and Ophiomorpha (see Section 2.4.4). In general, 
identified trace fossils of the Skolithos ichnofacies are domichnia of 
suspension feeders, indicating relatively energetic conditions with repetitive 
influx of sediments bringing in nutrients mostly in nearshore waters 
(Ekdale et al., 1984). 
2.13 Fades Associations 
The palaeoenvironmental affinities of the composite fades and their 
various intertwined associations with the bioturbated massive sandstone 
(Smb ), the overwhelmingly dominant fades in the Broughton Formation, 
provide a conceptual basis for determining the depositional environments 
represented by these rocks. As an example of the importance of fades 
association for interpreting the environment, it is difficult to determine 
from Smb alone which sandstone units were storm emplaced and which 
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were subaqueous channel deposits that were subsequently bioturbated. 
Position in facies successions provides a clue. The Smb units associated with 
Composite Facies SHCS, SDLMB and partly SGG indicate direct storm wave 
emplacement. Whereas others associated with Composite Facies SGG, 
SFLGB and SXLGB, interpreted as tide-influenced environments or lower 
deltaic settings, probably represent tidal or distributary channels/splays and 
so forth. 
There is a well documented relationship between decreasing preservation 
potential of physical sedimentary structures and progressively increasing 
degree of bioturbation from nearshore to offshore, and accordingly, shelf 
depositional settings have been classified on the basis of relative degree of 
bioturbation (e.g. Howard and Reineck, 1981; McCubbin, 1982; Bush and 
Brackett, 1986). In general, this is directly related to corresponding reduction 
in energy levels of depositional processes as depth increases, for instance, 
storm- and fair-weather wave activities and currents are progressively less 
effective across beach to offshore bathymetry. That is, a criterion of relative 
abundance of preserved (biogenically unaffected) deposits versus bioturbated 
massive layers may be used to determine nearshore to offshore 
environmental gradients. It is recognized that this is a generalized concept 
and basin peculiarities and flow patterns may complicate the situation. 
However, under the limitation of the present studies (without a better 
alternative), it offers a practical working principle for borecore facies 
analysis. 
Alternating structured facies and bioturbated, structureless facies are 
reported to be common in sandy sequences on modern and ancient inner-
shelf and shoreface environment (e.g. Howard, 1972; Howard and Reineck, 
1981; Rine et al., 1986). This is clearly demonstrated in the Broughton 
Formation. Thinner components of Facies Smb, interbedded with various 
other partially-preserved structured facies, are characteristically present in 
the Broughton Formation as shown in various examples of different 
composite facies. 
Based on the above concept and observations, and partly using a qualitative 
scale of relative degree of bioturbation and character of associated sediments 
on beach-to-offshore profiles (McCubbin, 1982), a broad-based interpretation 
of palaeoenvironmental gradient represented by Facies Smb and associated 
interpreted structured facies is provided below. 
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(1) Vertical facies relations suggest that the very thick Smb deposits, 
ranging in thickness from less than 1 m to 15 m in the upper parts of 
many borehole sequences, indicate transgressive and/ or subsiding 
phases in undifferentiated upper shoreface (sheltered), lagoons 
(Boreholes Moonshine 7 A, Wollongong 35, UWl, Bootleg 8 - Appendix 
2), interdistributary bays or abandoned distributary channel-fills 
(Wollongong 13; Appendix 2.2.1). 
(2) Facies Smb interbedded with Composite Facies SGG, SFLGB, SXB, 
SXLGB and Facies Sma occurring in the middle and upper parts of the 
Broughton Formation sequence occasionally contain Skolithos 
ichnofacies: they represent middle to upper shoreface, or their deltaic 
equivalents, and marginal marine environments. 
The above composite facies, where interpreted as shoreline 
environments, probably indicate that associated Smb units are tidal 
channel-fills, lagoonal sediments (Wollongong 13; Appendix 2.2.1) or 
dis tributary channel-fills/ splays. 
(3) The thick occurrences of Facies Smb interbedded with Composite Facies 
SHCS, SDLMB and, less commonly, Facies Sma occurring in the middle 
and lower middle parts of the Broughton Formation sequences 
represent mainly above storm wave base, offshore and probably lower 
shoreface environments and their deltaic equivalents. 
The Smb units associated with the above composite facies indicate 
direct storm emplacement followed by bioturbation. For instance, 
associated interbedded facies of bioturbated massive lithologies are 
widely recognized to be a very characteristic HCS association in the 
offshore and lower shoreface areas (e.g. Harms et al., 1982; Dott and 
Bourgeois, 1983; Walker et al., 1983; Duke, 1985; Duke et al., 1991) that 
are more likely to be preserved in the offshore areas 1Walker 1991; 
Walker and Plint, 1992). 
(4) The very thick deposits of Facies Smb, with or without internally size-
graded thin interbeds, occurring independently in the lower parts of 
most borehole sequences with Cruziana and possible Zoophycos 
ichnofacies represent below storm wave base, offshore environment. 
(5) Dark coloured fine-grained component of Facies Smb with Zoophycos 
ichnofacies (Subfacies Fdmb) indicate offshore and below storm wave-
base oxygen-deficient conditions (e.g. Pemberton et al., 1992; Walker 
and Plint, 1992). 
Features like degree and nature of bioturbation, sorting, grain size and 
various other included features of host sediments and associated facies, 
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sedimentary structures, position in fades succession, etc. determine the 
details of the palaeoenvironmental niche for specific occurrences of Fades 
Smb and other facies in the vertical sequence. These associations are further 
analyzed in the context of composite facies studies in each borehole 
(Appendix 2). 
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a 
BORECORE FACIES DESCRIPTION AND 
INTERPRETATION: PHEASANTS NEST AND 
ERINS VALE FORMATIONS 
3.1 INTRODUCTION 
This chapter deals with the description and interpretation of the lithofacies 
in the Pheasants Nest, Erins Vale and part of the lower Wilton Formations, 
the Marangaroo Conglomerate, and in one location (BH ERl), the Jamberoo 
Sandstone Member of the Broughton Formation penetrated by boreholes in 
the southern Sydney Basin (see Fig. 1.6). The borehole sequences referred to 
in this chapter are interpreted in Appendix 2 (Volume 2). 
The alluvial facies of the Jamberoo Sandstone Member of the Broughton 
Formation, Pheasants Nest and lower Wilton Formations and the 
Marangaroo Conglomerate are treated in Section 3.2. An abstract of the 14 
facies and subfacies in this group is given in Appendix 1.2 (Volume 2). 
Some of the marine and marginal marine facies in the Erins Vale 
Formation have already been covered in Chapter 2 as these are common 
with the lithofacies in the Berry Siltstone and the Broughton Formation. 
The rest are discussed in Section 3.3. An abstract of all the 8 facies and 
subfacies in the Erins Vale Formation is presented in Section 3.4 and in 
Appendix 1.3 (Volume 2). 
In many cases, the term cumulative thickness is used to describe a facies. 
This refers to stacked-up facies units indicating multiple-event deposition. 
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3.2 FACIES DESCRIPTION AND INTERPRETATION OF THE 
PHEASANTS NEST FORMATION AND PARTS OF THE LOWER 
WILTON FORMATION AND THE MARANGAROO 
CONGLOMERATE 
3.2.1 Fades Ctu: Tuffaceous Claystone 
Description: 
This facies consists of light brown waxy, hard, thin and very thin layers of 
non-carbonaceous claystone. It occurs interbedded with carbonaceous 
alluvial facies with sharp upper and lower contacts. Figure 3.1 shows a 
unique example with desiccation cracks. 
It is a very rare facies occurring only sporadically in a few boreholes (e.g. 
boreholes in the southern sector, and BH Wollongong 13, Moonshine 7 A 
and Alliance Cataract 1 in the northern sector). However, Facies Ctu appears 
to be under-reported in this study because of the difficulty of recognizing it 
when mixed with carbonaceous sediments. 
Interpretation: 
This facies is interpreted as epiclastic volcanic ash-fall deposits. 
3.2.2 Fades DSmd: Massive to Diffusely Stratified Diamictite and 
Associated Sandstone 
Description: 
This facies consists of granules, pebbles and subordinate coarse- to very 
coarse-grained sands. The non-genetic textural term, diamictite, is applied to 
the gravels of this facies because of their markedly polymodal size-
distribution and poor sorting (Cas and Wright, 87, p. 307). The clasts are 
subangular to subrounded. A varied clast-matrix relationship and 
characteristic structural patterns are noted, citing two typical examples from 
BH ER8 (Pheasants Nest Formation facies) and BH Bootleg 8 (Marangaroo 
Conglomerate facies). 
As seen in BH ERB (see Appendix 2.3.1), clast-supported, massive granule-
pebble diamictites (5-60 cm thick) are gradationally interbedded with 
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generally matrix-supported pebbly sandstone, sandy granule-pebble 
diamictite or just medium- to very coarse-grained sandstone (5-100 cm; Fig. 
3.2-a). The matrix-supported deposits are diffusely stratified with alternating 
coarse- and fine-grained layers less than a cm to several cm thick. In BH 
Bootleg 8 (see Appendix 2.2.8), clast-supported, apparently massive granule-
pebble (including large pebble) diamictites are reversely graded and 
ungraded, and less commonly, normally graded (Fig. 3.2-b ). These layers 
alternate with diffusely stratified granular layers. 
The lower contact of this fades is usually planar and sharp. Whereas some 
samples have no internal sharp contacts, others have thin bands of dark 
coloured laminated mudstone and siltstone of Sub fades Fcl (see Fig. 3.2-b ). 
The thickness of this fades ranges from 6 to 10 m. 
A separate Subfades Smdl (Massive to Diffusely Stratified Sandstone) has 
been named for the sandstone-dominated variety with similar internal 
stratification to Facies DSmd. 
Interpretation: 
Clast support, poor sorting, highly polymodal character of clasts, lack of 
obvious internal scours, poorly developed strata with diffuse contacts and 
lack of cross-stratification in sandy fades and weak imbrication in places are 
evidence for hyperconcentrated flows (e.g. Smith, 1986; Costa, 1988; Palmer 
and Neal, 1991). Horizontal stratification is developed in hyperconcentrated 
flow deposits (Smith, 1986), and alternate coarse- and fine-grained layers are 
formed both from hyperconcentrated flows and stream flows in broad 
channels (Palmer and Neal, 1991). The diffusely stratified sandy and 
granular intervals indicate subsequent waning stages in the 
hyperconcentrated flows. Mudstone and siltstone bands present in some 
intervals suggest post-flood quiet stage. In brief, waxing and waning stages of 
multiple-event hyperconcentrated flows are indicated by Facies Dsmd. 
3.2.2.3 Subfacies Smdl: Massive to Diffusely Laminated Sandstone 
Description: 
This poorly sorted, fine- to medium- and coarse-grained sandston€ subfacies 
is characterized by mutually gradational very diffusely laminated and 
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apparently massive intervals (Fig. 3.3). The diffuse laminae are 0.5-2.0 cm 
thick and are discontinuous with subtle low- to moderate-angle of 
inclination. Because of Subfacies Smdl's intimate gradational relationship 
with Subfacies Smr and Smbt, it is difficult to obtain its thickness. The 
thickness appears to range from less than a metre to 8 min BH ERl sequence 
which contains the only occurrence of this subfacies. Since this subfacies 
occurs only in the Jamberoo Sandstone Member, it is restricted to BH ERL 
Interpretation: 
Poor sorting, relatively coarse grain size and lack of burrows and any well-
developed tractional structures indicate that Subfacies Smdl isa sandy 
hyperconcentrated flood flow (sensu, Smith, 1986) deposit exhibiting poorly 
defined low-angle cross-stratification in volcanic terrains (Smith, 1986, p. 6). 
Since this subfacies is primarily developed and best documented only in BH 
ERl and its interpretation is crucially dependent on the vertical fades 
succession, a detailed interpretation is given in Appendix 2.3.2. 
3.2.3 Fades Fe: Carbonaceous and Minor Non-Carbonaceous Fine-Grained 
Rocks 
Description: 
This fades commonly includes gray and dark gray carbonaceous siltstone 
and mudstone and subordinate argillaceous and ferruginous gray or 
brownish gray coloured similar lithologies. The rocks are massive or 
laminated, showing varying degrees of disruption of texture in many places. 
Carbonaceous particulates and wisps (some root traces), plant fossils on the 
partings of fissile/unfissile specimens, fossil wood fragments, disrupted 
fabric and burrows are present in variable proportions. Figures 3.4-a and 3.4-
b illustrate Fades Fe. 
Fades Fe occurs as thick, massive and stratified deposits or as thin and very 
thin bands associated with other fades. The thicker beds having internal 
contacts indicate a composite lithosome of stacked-up fades units. The 
thickness commonly ranges from 40 cm to 3 m with a few exceptions (e.g. 
cumulative thicknesses of 9 m in BH Alliance Cataract 1, and 17 m for an 
argillaceous variety in BH Huntley 7; see Appendix 2). Thinner bands are 
several cm to 40 cm thick. 
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A separate Subfacies CFc (Coal and Associated Carbonaceous Fine-Grained 
Rocks) has been named for the coal-bearing sequences. 
Interpretation: 
In broad terms, Facies Fe is interpreted to represent interchannel areas 
(floodbasin lakes, abandoned channel depressions and floodplains) 
characterized by variable swampy conditions subjected to distal or waning 
floods and by quiet periods of non-deposition and soil-forming processes. 
Clastic and floral detritus were introduced into the interchannel areas 
during floods that spread out over the depositional site or accumulated in 
the floodbasin lakes or abandoned channel depressions depending on the 
relief and vegetation cover of the interchannel areas. The laminae in some 
samples of Facies Fe were produced from weak flow or from deposition from 
suspension in low energy conditions in the floodplains/floodbasins. In 
some cases, graded laminae formed (see Fig. 3.4-a) when sediment charged 
water entered a standing body of shallow water (e.g. floodplain ponds) as a 
waning turbid underflow (Sobhan, 1988). These shallow water graded beds 
never occur in thick sequences, and are commonly solitary and sporadic 
(Reineck and Singh, 1980). The disruptive fabric commonly seen in Facies Fe 
resulted from the mixing of sediments by root and burrowing activities 
during intermittent periods of non-deposition and perhaps by water escape 
as well. The above interpretation explains the commonly occurring 
interchannel processes exemplified by Figure 3.4-a. 
The thick deposits of Facies Fe are likely to represent long periods of vertical 
accretion and soil formation in the interchannel areas. The thinner bands of 
Fe associated with large scale features of Facies Sx, Ssma (etc.) could represent 
the different orders of bounding surfaces between components of 
architectural elements as seen in outcrop studies. For instance, Facies Fe 
could demarcate set/ coset boundaries of migrating bedforms or it could 
drape larger depositional forms (e.g. channel bars) accumulating plant 
detritus in laminated form on the bar-top during low-flow stages. Although 
the above are seen in outcrops, they are not determinable in cores. 
The non-carbonaceous variety is relatively more common and thicker in the 
southern than the northern sector attesting to less influence of vegetation in 
the alluvial fan setting. 
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3.2.3.1 Subfacies CFc: Coal and Associated Carbonaceous Fine-Grained 
Rocks 
Description: 
This subfacies consists of thin dull, banded coal (pyritic and cleated) 
interbedded with gray, dark gray to black carbonaceous and coaly (laminae or 
pennyband) mudstone and claystone. Figure 3.4-b shows an example. 
The Unanderra and Figtree Coal Members of the Pheasants Nest Formation 
belong to this subfacies. 
The cumulative thickness of this facies ranges from 20 cm to 9 m, 
commonly 20 cm - 2 m. Isolated coaly bands <1-10 cm also occur. 
Interpretation: 
During periods of little or no elastic influx into the interchannel areas, peat 
swamp conditions persisted resulting in favourable environments for 
deposition of Facies CFc. 
3.2.4 Fades GSm: Massive Conglomerate and Minor Sandstone 
Description: 
This massive facies consists of granule-pebble conglomerate and subordinate 
coarse- and very coarse-grained sandstone. It is generally clast-supported and 
many samples are tightly packed. The long axes of the clasts are oriented 
parallel to bedding. It is poorly to moderately sorted with much less 
variation in grain-size distribution than those in Facies DSmd (Fig. 3.5). This 
facies has a sharp lower contact and occasionally grades upward to, or is 
gradationally interbedded with Facies SGds (see BH ERB, Appendix 2.3.1). 
The thickness of this facies commonly ranges from 10-50 cm reaching a 
maximum cumulative thickness of 7m in BH Bootleg 8. The latter, with 
internal contacts and variation of sand and conglomeratic intercalations, 
indicates it to be a composite thickness representing multiple-event 
deposition. 
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Interpretation: 
This facies is interpreted to result from channel lag sedimentation and fan 
deposition (e.g. BH ER8 and Bootleg 8; see Appendix 2 and Ch. 4). 
3.2.5 Fades Gt: Trough Cross-stratified Conglomerate 
Description: 
Facies Gt has very coarse-grained sands, granules and small pebbles 
constituting trough cross-stratified conglomerate; it is similar to Facies St 
(see Section 3.2.9). The thickness ranges from 20 cm to 3m. 
Interpretation: 
Fades Gt represent three-dimensional migrating bed forms (e.g. dunes) 
constituting channel bars. 
3.2.6 Fades Gx: Cross-stratified Conglomerate 
Description: 
This facies has cross-stratified very coarse sands, granules and rare small 
pebbles with mud or silt bands occurring as set/ coset boundaries in some 
samples (Fig. 3.6). The type and scale of cross-stratification are not 
determinable within the limited scope provided by the core samples as is the 
case with Facies Sx. The thickness is variable between 10 cm and 3 m. 
Interpretation: 
Three- or two-dimensional bedforms forming in-channel bars are 
interpreted. 
3.2.7 Fades SFcl: Laminated and Diffusely Cross-Laminated Sandstone 
and Fine-Grained Rocks 
Description: 
This is composed of laminated and diffusely cross-laminated very fine- to 
medium-grained sandstone and siltstone with minor mudstone. The 
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lamination is made apparent by the alternation of dark and light coloured 
laminae containing carbonaceous and non- or less-carbonaceous materials, 
respectively, in variable proportion. In general, two intergradational 
varieties are present: more carbonaceous, laminated variety (type 1) and the 
less carbonaceous, diffusely laminated/ cross-laminated variety (type 2; Fig. 
3.7). Horizontal/ sub horizontal, thin to very thick laminae and minor very 
low-angle micro-cross-laminae sets are present in the former. The latter has 
diffuse laminae, low- to moderate-angle cross-laminae and minor flaser 
laminae. In places, these structures alternate with minor apparently 
structureless thin intervals. 
Each lithology in Fades SFcl occurs singly; commonly, however, sandstone 
and siltstone are interbedded in varying proportion, ranging between 20% 
and 80% for each type. 
The colour of this fades varies from light gray for the less carbonaceous beds 
to dark gray for the more carbonaceous and finer variety - gray being the 
common colour. A subfades Fcl (Finely Laminated Carbonaceous Fine-
Grained Rocks) is named for the distinctly more carbonaceous, dark gray, 
finer grained variety. 
Elliptical and circular burrows, presumably continental, occur in a few ·sFcl 
examples (Fig. 3.8). However, interchannel or fan surface bioturbation is 
more common in the SFcl samples from the boreholes in the southern 
sector of the Robertson-Huntley area. 
The thickness of this fades commonly ranges from 1-6 m, reaching a 
maximum of 17 m in one instant in BH UW 1. The thicker sequences 
having internal contacts indicate a cumulative thickness of stacked up fades 
units. Isolated occurrences of individual fades units are less than 10 cm to 
several tens of cm thick. 
Interpretation: 
Slowly moving flows, with variable suspension and traction components, 
produced this fades. 
For type 1 samples, in addition to the formation of lower flow plane beds 
from suspension, migration of very small ripples with low heights and 
amplitudes is likely to also produce flat stratification (Lindholm, 1982; 
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Sobhan 1985). Whereas type 1 samples of suspension-dominant mode 
contain more abundant carbonaceous-rich laminated intervals, type 2 
samples have sporadic cross-laminae with relatively moderate angle of 
inclination, flaser laminae and fewer finer grained carbonaceous laminae 
(see Fig. 3.7). Thus, type 2 indicates relatively more energetic conditions and 
less settling or input of finer grained carbonaceous materials than those for 
type 1. The two varieties of Facies SFcl, including intermediate types, are 
frequently intergradational and the variation is primarily a function of the 
availability of carbonaceous materials and/or the strength of fluctuating 
current conditions. 
Facies SFcl could be the constituent internal structures of large-scale bedding 
such as planar or inclined beds that can form both within broad channels or 
in interchannel areas. In addition, the thinner bands of SFcl associated with 
large scale features of other sandy facies, etc. could be the bounding surfaces 
of components of architectural elements as seen in outcrop studies. 
Although the above are likely, they cannot be confirmed in cores. 
There are several closely related environmental niches for Facies SFcl. In 
brief, (1) interchannel crevasse/sheet splays including waning flood-flow 
deposits on fan surfaces; (2) frequent discharge fluctuation (low-flow stage) 
in channels and interchannel areas; and (3) upper channel-fills are 
interpreted. The specific interpretation depends on the mode of occurrence 
of this facies and its association with other facies. 
3.2.7.1 Subfacies Fcl: Finely Laminated Carbonaceous Fine-Grained Rocks 
Description: 
This relatively rare subfacies consists of dark gray, markedly carbonaceous 
mudstone and siltstone exhibiting very thin to thin, laterally pinched-out, 
even lamination with sporadic, very low-angle micro-cross-laminae sets 
(Fig. 3.9). Carbonaceous contents and colour are similar to certain samples of 
Facies Fe and CFc. Sedimentary structures in Subfacies Fcl are similar to 
those in Facies SFcl, although the laminae in Fcl are much thinner and 
more evenly spaced than those in Facies SFcl. Sparse burrows are present. 
Subfacies Fcl is rare in the Pheasants Nest Formation but is common in the 
lower Wilton Formation (see Fig. 4.1 in Chapter 4). Its thickness commonly 
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ranges from 50 cm to 4 m, reaching a maximum of 10 m in the lower Wilton 
Formation in BH Wollongong 35. 
Interpretation: 
The majority of the samples of Subfacies Fcl indicate a quiet subaqueous 
depositional condition receiving disseminated carbonaceous materials in 
the interchannel areas. But contrary to Fades Fe, this subfacies generally 
lacks disrupted fabric and evidence for subaerial exposures (e.g. desiccation 
cracks) and has relatively better sorted, finer grained sediments and a 
dominant regular and even lamination character. Thus, Subfacies Fcl is 
interpreted to have been deposited from suspension in subaqueous 
conditions like the floodbasin lakes that were occasionally subjected to weak 
current and wave activities. This appears to be similar to the floodbasin lake-
fill mudstone of Guion (1984, fig. 10). Distal reaches of splays (Fades SFcl) in 
interchannel swamps probably provided organic-rich sediment flows into 
the floodbasin ponds. 
In some cases, Subfacies Fcl occurs as thin bands associated with Fades Ssma 
and coarse-grained fades such as DSmd (see Fig. 3.2-b ). Discharge fluctuation, 
for instance, low-flow stage or post-flood quiet stage accumulation of 
laminated mudstone on large bedforms is indicated. Thus, this is similar to 
equivalent SFcl association. 
3.2.8 Fades Ssma: Stratified to Massive Appearing Sandstone 
Description: 
This fades consists of moderately to well sorted, fine- to medium-grained 
sandstone, and subordinate medium- to very coarse-grained sandstone and 
granule conglomerate. Carbonaceous siltstone clasts, some being angular, are 
also present in some samples. 
This fades has the following range of structural attributes: appears to be 
massive; inclined and sub-horizontal stratification with either very diffuse 
or well-defined contacts between the strata; the above stratified intervals are 
intercalated with massive-appearing intervals. It also has isolated planar or 
inclined carbonaceous mudstone and siltstone bands that are disrupted in 
places. Figure 3.10 shows a close-up view of a slabbed section of this fades. 
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Whether the well-defined, inclined strata are part of low-angle or large scale 
cross-stratification (e.g. trough or planar) is indeterminable in core samples. 
The occurrence of the diffusely stratified aspect of this fades in the 
subordinate coarser grained sandstone and conglomerate fraction has been 
taken into account in defining a separate subfacies called, 'Diffusely 
Stratified and Graded Coarser Grained Sandstone and Conglomerate' (SGds). 
This fades has carbonaceous wisps and sideritic logs in some places but it is 
uncertain whether all of these wisps are root traces - the ones having 
confirmed root traces fall under Subfacies Smr (Massive Sandstone with 
Root Traces) 
Sporadic burrows are present in some samples of Fades Ssma. However, for 
those samples that are highly bioturbated, a separate subfacies, called 
Massive, Bioturbated (Terrestrial) Sandstone (Smbt) has been designated. 
The cumulative thickness of this fades ranges from 1-8 m, commonly 2-4 m. 
Interpretation: 
This facies is interpreted to represent channel sands or interchannel sands 
(levees or more commonly, splay sands and floodbasins). As with Fades 
SFcl, the specific interpretation depends on the mode of occurrence of this 
fades and its association with other fades (see Section 3.3). 
If the well-defined, inclined stratification part of this fades is actually some 
kind of large scale cross-beds formed within the channels, the intervening 
massive portions may be attributed to the deformation of originally cross-
bedded channel sands (Rust et' al., 1984). However, it is more likely that the 
absence of cross-stratification during deposition means that the flow was less 
confined, as in crevasse splays or in distributaries (Rhee et al., 1993), that 
were apparently broadly channelized. In addition, the sub-horizontal strata, 
diffuse or sharp, may be equivalent to the outcrop fades Slaf (Chapter 6) 
which is interpreted as proximal splay. Diffuse contacts between strata or 
lack of bedding altogether probably indicates rapid deposition from highly 
concentrated flows. 
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3.2.8.1 Subfacies SGds: Diffusely Stratified and Graded Coarser Grained 
Sandstone and Conglomerate 
Description: 
This subfacies has medium- to very coarse-grained sandstone, granule 
conglomerate and minor pebble conglomerate with alternating coarse- and 
fine-grained diffuse strata <1-3 cm thick. The strata appear to be thickening 
and thinning with a low angle of inclination in some samples (Fig. 3.11). 
Other samples have planar/subplanar internally graded strata. Minor 
siltstone, thin carbonaceous intervals and coalified wood are occasionally 
present. 
In some cases, this subfacies is gradationally interbedded with Fades GSm 
and is also associated with Fades SFcl (see BH ER8 in Appendix 2.3.1). Its 
thickness ranges from <1-7 m, commonly up to 3 m. 
Interpretation: 
Alternating coarse- and fine-grained layers with tabular geometry in well 
bedded volcaniclastic sequences indicate, among others, deposition in broad 
channels (Palmer and Neal, 1991). Diffuse contacts between strata may 
suggest rapidly fluctuating episodes of sedimentation from sediment-laden 
flow with internally graded, multistorey units reflecting depositional pulses 
(Collinson and Thomson, 1989). This kind of discharge fluctuation is 
regarded by many workers as responsible for braid bar deposition (e.g. 
Collinson, 1978; Cant, 1982; Miall, 1982; Sobhan, 1985). Gradational 
interbedded occurrence of Facies Gsm, and Subfacies SGds further supports 
braided channel deposition (see BH ER8 in Appendix 2.3.1). 
3.2.8.2 Subfacies Smbt: Massive, Bioturbated (Terrestrial) Sandstone 
Description: 
In certain boreholes from the northern part of the study area (e.g. Bootleg 8, 
UWl, Wollongong 13 and Oakdale 1) and in many holes in the southern 
sector, the massive sandstone fades is thoroughly bioturbated with burrow 
types (e.g. Scoyenia ichnofacies) and facies association (SFcl, Fcl or CFc) 
indicating a continental setting (see Fig. 3.8). The thickness of· this facies 
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ranges from 20 cm to 2 m reaching a maximum cumulative thickness of 
about 16 min BH Oakdale 1. 
Interpretation: 
This facies is interpreted to be burrowed floodbasin deposits or interchannel 
soil fed by sand-dominated flood-flows (e.g. Facies Ssma, SFcl and Smdl), the 
latter also includes fan surfaces as documented in the studies of borehole 
sequences in the southern sector (see Appendix 2.3). 
3.2.8.3 Subfacies Smr: Massive Sandstone with Root Traces 
Description: 
The chief characteristic of this subfacies is that it is fine- to medium-grained 
massive sandsto~e with varying degrees of carbonized wisps, root traces, 
sideritic logs (Fig. 3.12-a) and desiccation cracks (in some places) indicating 
vegetation growth after the sediments were laid down (Fig. 3.12-b) . 
Subfacies Smr is similar to Facies Ssma in most respects, except for the 
presence of root traces. It some cases, it occurs in the upper part of Facies 
Ssma or Facies Sx being intimately gradationally interbedded with Facies 
Ssma. In other cases, it occurs in cyclic relationship with SFcl (Fig. 3.12.b). 
The above relationship also makes it difficult to obtain a thickness for this 
facies which appears to have a range of 40 cm - 1 m. 
Interpretation: 
In general, Facies Smr is interpreted as rooted horizons in the interchannel 
areas. Rust et al. (1984) reported that interchannel sheet splay sands 
commonly contain carbonized root traces. 
In some cases, Smr occurring in the upper part of Facies Ssma (as seen in BH 
Moonshine 7 A; see Appendix 2.2.4) suggest rare rooted zones on the channel 
surface (Rust et al., 1984), apparently indicating completion of channel 
abandonment or fill processes. However, rooted horizons are more 
common in the top beds of both coarsening-upward levee deposits (with 
vegetation being established after channel abandonment) and interchannel 
splay sheets in the order mentioned (Rust et al., 1984; Wizevitch, 1992). 
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Subfacies Smr is similar to Fades Fe in terms of the broad depositional niche 
and post-depositional attributes but the close association of Smr with Fades 
Ssma and SFcl suggest that it originated as interchannel splays on which 
vegetation grew (see Fig. 3.12-b). These affinities are to be expected because 
they all belong to the same fades association of interchannel environments. 
Subfacies Smr's association with Subfades Smdl and Smbt commonly seen 
in the borehole samples from southern sector of the Robertson-Huntley area 
indicate development of vegetative soil on the sand-dominated flood-flow 
deposits on the fan surfaces (see Section 4.3.2 and Appendix 2.3.2). 
A note of caution needs to be introduced: there is a scope for 
misidentification of Fades Ssma with Subfades Smr. Some of the incipient 
soils not having enough disruptive fabrics, and being quickly deposited 
under a succeeding round of alluvial sedimentation, might easily be missed. 
3.2.9 Fades St: Trough Cross-Stratified Sandstone 
Description: 
It consists of generally fine- to coarse-grained trough cross-stratified 
sandstone. As in BH UWl, in some cases, it has alternate cross-strata of fine 
and medium to coarse sands and silt or mud and some internally graded 
strata (Fig. 3.13). Measured from a limited data base, set thickness ranges 
between 5-10 cm. Thus, a medium scale cross-bedding is defined. The fades 
thickness ranges from 1-5 m. 
Interpretation: 
Three-dimensional migrating bedforms like small dunes or large ripples 
forming bars were responsible for the deposition of Fades St. Significant 
alternate coarse- and fine-grained strata indicate grain-size segregation on 
avalanche faces during bedform migration was also influenced by 
fluctuations in discharge and flow competency. In-channel environments 
(bars, channel floor bedforms, etc.) are the likely candidates. Broadly 
channelized and interchannel sheetfloods can also produce abundant trough 
cross-stratified sandstone deposits (e.g. UNRLYl outcrop, Section 6.2). 
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3.2.10 Fades Sx: Cross-Stratified Sandstone 
Description: 
This fades has cross-stratified sandstone and minor siltstone. The type and 
scale of cross-stratification are not determinable within the limited scope 
provided by the core samples. It is commonly interbedded with Fades Ssma 
and SFcl. The cumulative thickness ranges between 40 cm and 6 m, 
commonly 40 cm - 2 m. 
Interpretation: 
Two- or three-dimensional migrating bedforms were responsible for the 
deposition of Fades Sx. In-channel environments (bars, channel floor 
bedforms, etc.) and interchannel sheetfloods are likely candidates. 
3.3 FACIES DESCRIPTION AND INTERPRETATION OF THE ERINS 
VALE FORMATION (PARTIAL LISTI) 
3.3.l Facies Smbr: Massive Sandstone with Burrows and Root Traces 
Description: 
This fades consists of internally massive interbeds of muddy fine- to 
medium-grained and medium- to coarse-grained sandstone. In places, thin 
carbonaceous partings form subplanar and inclined contacts between the 
interbeds (Fig. 3.14). Some of the interbeds have burrows while others have 
little or no bioturbation, and there is a general trend of fewer burrows 
upward. A variety of shapes of the carbonaceous tracings are recognized 
including tadpole-shape, elliptical, circular, tube-like vertical (root), etc. 
Some are evidently root traces and others are ichnofossils of uncertain 
identity. The root traces and carbonaceous partings are more common in the 
upper part of this fades. It appears that the original internal sedimentary 
structures including stratification were obliterated by burrows and 
disruptive activities of roots (biogenic mixing of lithologies and weathering 
related to soil forming processes?) rendering the sediments muddy and 
massive. 
I See Introduction (Section 3.1). The complete list of the facies and a summary of these facies 
are given in Section 3.3.4 
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Facies Smbr is interbedded with and grades upward into a less developed 
version of Facies Scdr (with thin carbonaceous horizons and root traces) in 
the upper part of the sequence, together making up a cumulative thickness 
of about 6 m in BH Moonshine 7 A. An apparent Smbr unit is 1 m thick in 
BH Bootleg 8. 
Interpretation: 
The subplanar intra-fades contacts between sand size grades in Fades Smbr 
represent the original set contacts of planar or subhorizontal stratification of 
washover fans on which vegetation grew. The inclined strata indicate 
contacts between foresets of washover lobes built out into the subaqueous 
lagoon (Reinson, 1992, p. 185) where the deposits were more bioturbated 
than their subaerial counterparts. Both subhorizontal and foreset 
stratification are commonly occurring aspects of washover fan 
sedimentation (e.g. Reinson, 1992, p. 185; McCubbin, 1982, p. 268-269). This 
interpretation is further supported by the fact that Fades Smbr's texture, 
internal contacts and biogenic traces have similarity with the attributes of 
the overlying Facies Slax, the latter (Facies Slax) being a relatively fresh, 
undeformed example of the internal lamination style of washover fans. 
However, apart from the washover origin of Fades Smbr, it is likely that 
parts of it with root traces were also formed as dunes on barrier islands. 
In brief, the original development of dunes and washover fans on the 
barrier islands and extension of washover fans into a shallow, quiet 
subaqueous setting of a back-barrier lagoon are speculated. Then, both the 
subaerial and subaqueous deposits were significantly biologically modified. 
This is indicated by the facies characteristics and studies of fades successions 
as discussed in Appendix 2.2.4 (studies of BH Moonshine 7 A). 
3.3.2 Facies Slax: Low-Angle Cross-Stratified Sandstone 
General Characteristics: 
Displaying low-angle cross-stratification, this fades consists of generally very 
fine- to fine-grained and fine- to medium-grained sandstone with very few 
burrows. It has sets of nearly parallel, very diffuse and ill-defined, even 
laminae parallel to set contacts and low-angle dipping laminae (Fig. 3.15). 
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There are two modes of occurrence and corresponding interpretations of this 
fades as follows. 
Description - Mode 1 
Transgressive fades association in the lower part of the Erins Vale 
Formation: 
In BH Moonshine 7 A and Wollongong 35, the transgressive fades 
association of Fades Smbr and Slax occurs under the lagoonal marsh fades 
of Scdr (see Appendix 2.2.4 - studies of BH Moonshine 7 A). Facies Slax, with 
a probable root trace at the top, has a sharp basal contact with Fades Smbr 
and a gradational one with the overlying Facies Scdr (see Fig. 3.14). 
The thickness of Facies Slax ranges between 1.35 m in BH Moonshine 7 A 
and 4 m for an apparent Slax unit in BH Wollongong 35. 
Interpretation - Mode 1 
The structure of this facies has been interpreted to be sub-horizontal 
stratification which is common in washover deposits (e.g. Reinson, 1992, p. 
185; McCubbin, 1982, p. 268-269). Also, similar low-angle cross-stratification 
with roots at the top has been interpreted to be foreshore or backshore 
sedimentary structures developed on very low-gradient surfaces of a beach, 
mainly as swash stratification (Harms et al., 1982, p. 7-6). 
The definition of this fades depends on its fresh occurrence unobliterated by 
bioturbation activities as evident in BH Moonshine 7 A. As such 1t is a very 
rare facies, although its common original occurrence and subsequent 
destruction by animals and plants (Facies Smbr and Smb) has been 
suggested. 
Description - Mode 2 
Regressive fades association in the upper part of the Erins Vale Formation: 
In BH Alliance Cataract 1, Facies Slax, in the depth interval 379-377 m, occurs 
under a coarse-grained alluvial facies. Overall, it is part of a regressive 
sequence of the Erins Vale and Wilton Formations (see Appendix 2.2.7 -
studies of BH Alliance Cataract 1). 
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Interpretation - Mode 2 
The low-angle set contacts appear to suggest that the structure is either 
subhorizontal stratification of washover fans (as for 1 above) on beaches, or 
swaley cross-stratification (SCS) formed on the shoreface. Whereas presence 
of root traces and facies relations do not favour Facies Slax to be SCS in the 
transgressive facies association in the lower part of the Erins Vale Formation 
(e.g. BH Moonshine 7 A; see# 1 above), this is not the case with Facies Slax 
in the regressive facies association in the upper part of the Erins Vale 
Formation. The latter is interpreted to be SCS as explained in Appendix 2.2.7 
(see Appendix 2.2.7 - studies of BH Alliance Cataract 1). 
3.3.3 Fades Scdr: Disrupted Sandstone, Minor Conglomerate and 
Carbonaceous Zones with Burrows and Root Traces 
Description: 
Very poorly sorted, predominantly fine- to medium-grained muddy sands 
making up the matrix of this facies contain the following elements (see Fig. 
3.14): irregularly spaced disrupted bands and partings of highly carbonaceous 
siltstone and mudstone; lumps of larger organic-rich carbonaceous 
materials, silty or muddy clasts and minor subangular to sub-rounded 
granules and small pebbles scattered sparsely throughout the matrix or as 
poorly sorted, thin conglomeratic interbeds in places. As in BH Moonshine 
7 A, these interbedded sandstone (fine- or fine- to medium-grained) and 
granule-pebble conglomerate (each interbed 8-22 cm thick) occur only 
sporadically in the upper part of about a 17 m thick sequence which coarsens 
upward (see Appendix 2.2.4 - studies of BH Moonshine 7 A and its facies log). 
Wide spread root traces and ichnofossils are also indicated. 
The thickness of this facies ranges from several centimetres to a cumulative 
thickness of 17 m in BH Moonshine 7 A and 29 m in BH Wollongong 35 
where it occurs interbedded with Facies Smbr. 
Interpretation: 
The abundance of burrows is evident but the identity of the small trace 
makers could not be determined. However, thin, unlined vertical burrows 
(e.g. ?Skolithos ichnosp.), marked by carbon-tracings, appear to be one of the 
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varieties present. Regarding relative size of predominant burrow-types, the 
chaotically disrupted fabric of Fades Scdr with large lumps of carbonaceous 
materials and clasts could not necessarily be caused by smaller burrowers 
like those that homogeneously mixed sediments in Fades Smb of the 
Broughton Formation (Chapter 2). Although extensive plant roots can have 
a strongly disruptive effect on the fabric of sediments, it is uncertain 
whether the predominantly large burrows also had a role in this regard. 
Commonly occurring subhorizontal carbonaceous horizons and an 
intervening very thin coaly pennyband and Fades SFcl suggest a continental 
influence (see Appendix 2.2.4 - studies of BH Moonshine 7 A and fades log). 
Consequently, Fades Scdr represents a transitional marine environment, 
possibly a lagoonal marsh. The setting was sheltered from the wave actions 
of the open seas behind barrier islands, facilitating a thriving population of 
trace makers and deposition of poorly sorted, muddy sediments in marshy 
conditions. Minor washover channels or tidal channels cut into the 
lagoonal marsh. The majority of the channel lags were subsequently 
scattered by trace makers and/ or destabilized by roots (depth interval 600-576 
m). As alluvial sedimentation progressively encroached upon the lagoonal 
marsh, a few partially preserved channel lag deposits (coarse-grained beds) 
start to appear in the upper part of the Scdr sequence. This is evident by the 
upward-coarsening grain-size trend in the Fades Scdr sequence both in BH 
Wollongong 35 and Moonshine 7 A (see Appendix 2). 
3.3.4 Summary of Facies Description and Interpretation of the Erins Vale 
Formation (Complete List) 
A summary of the sedimentary fades of the Erins Vale Formation 
encountered in the borehole sequences is presented below. 
Facies Scdr - Disrupted Sandstone, Minor Conglomerate and Carbonaceous 
Zones with Burrows and Root Traces: lagoonal marsh; from several 
centimetres for individual layer to a cumulative thickness up to 29 
m. Ref: Section 3.3; Appendix 2.2.4 (BH Moonshine 7 A) and 2.2.5 
(Wollongong 35). 
Facies Slax - Low-Angle Cross-Stratified Sandstone: relatively fresh 
occurrences of subhorizontal stratification of washover fans/beaches 
(backshore/ foreshore) or SCS in transgressive or regressive 
shorelines, respectively; about 1-4 m thick. Ref: Section 3.3; Appendix 
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2.2.4 (BH Moonshine 7 A), 2.2.5 (BH Wollongong 35) and 2.2.7 
(Alliance Cataract 1). 
Fades Sma - Massive-Appearing Sandstone: interbedded with Smb and is 
interpreted as storm beds on undifferentiated shoreface; cumulative 
interbedded thickness is about 15 m. Ref: Appendix 2.2.7 (Alliance 
Cataract 1). 
Fades Smb - Bioturbated Massive Sandstone, Minor Conglomerate, Siltstone 
and Mudstone: palaeoenvironmental recognition from offshore to 
marginal marine environment is made on the basis of fades 
relations and internal attributes; (a) interbedded with Sma: 
undifferentiated shoreface (Ref: Appendix 2.2.7 - Alliance Cataract 1); 
and (b) in association with Gmb indicate fan deltas in lagoons (ref: 
Sections 4.2.1 and Appendix 2.2.1 - BH Wollongong 13, and Section 
4.2.8 and Appendix 2.2.8 - BH Bootleg 8); cumulative thickness 4-15 
m. 
Subfades Gmb - Bioturbated, Massive Conglomerate: In general, the 
interpretation is as for Facies Smb and depends on the position in the 
fades successions; contains Ophiomorpha or Cylindrichnus and 
Glossifungites(?) ichnofacies and coaly lenticles; shoreline and 
marginal marine environments including fan deltaic deposition; 
cumulative thickness 3-6 m. Ref: Sections 4.2.l and Appendix 2.2.1 
(BH Wollongong 13), and Section 4.2.8 and Appendix 2.2.8 (BH 
Bootleg 8). 
Subfades Fdmb - Dark Coloured, Bioturbated and Massive Fine-Grained 
Rocks: Contains Zoophycos ichnofacies; below storm wave base, 
oxygen-deficient, offshore region; regarded as Kulnura Marine 
Tongue Member of the Erins Vale Formation; interbedded with 
igneous intrusions in BH Alliance Cataract 1; cumulative thickness 
up to 15 m. Ref: Section 4.2.8 and Appendix 2.2.8 (BH Bootleg 8), and 
Appendix 2.2.7 (BH Alliance Cataract 1). 
Fades Smbr - Massive Sandstone with Burrows and Root Traces: 
Biologically modified dunes and washover fans (subaerial and 
subaqueous); in places, interbedded with Scdr; cumulative thickness 
1-6 m. Ref: Section 3.3; Appendix 2.2.4 (BH Moonshine 7 A) and 2.2.8 
(BH Bootleg 8). 
72 
DEPOSITIONAL EVOLUTION FROM 
BOREHOLE STUDIES 
4.1 INTRODUCTION 
Based on the detailed depth-interval analysis and interpretation contained 
in Appendix 2, the regional depositional evolution centred on each of the 
following borehole sequences is mainly summarized in this chapter (see Fig. 
1.6 for borehole locations). 
Borehole Sequences from the northern sector: 
1. BH DM Wollongong 13 
2. BH CPM Nattai 1 
3. BH DM Oakdale 1 
4. BH AGL Moonshine 7A 
5. BH DM Wollongong 35 
6. BH University of Wollongong 1 (UWl) 
7. BH Alliance Cataract 1 
8. BH AGL Bootleg 8 
Borehole Sequences from the southern sector: 
1. BH Elecom Robertson 8 (ER 8) 
2. BH Elecom Robertson 1 (ER 1) 
3. BH Elecom Robertson 10 Redrill (ER lOR) 
4. BH DM Huntley 7 
5. BH Elecom Huntley 3 (EH 3) 
Interpreted palaeoenvironmental intervals determined from each borehole 
location are incorporated in the construction of a framework to study the 
basin-fill architecture and depositional history as detailed in Chapter 8. 
As mentioned in Appendix 2, it is important to refer back to the 
methodology and limitation of borecore studies in Section 1.4 which also 
include sedimentological considerations and premises adopted m this 
regard. Implications of the present study are given in Chapter 8. 
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4.2 DEPOSITIONAL EVOLUTION FROM BOREHOLE STUDIES IN THE 
NORTHERN SECTOR 
4.2.1 Depositional Evolution of Sequences in BH DM Wollongong 13 
Reference: Appendix 2.2.1 including Figure A.2.1 (graphic facies log). 
Upper Berry Siltstone 
Oxygen-deficient, below storm wave base, offshore sedimentation is 
indicated for the Berry Siltstone encountered at the base of this borehole 
(698-694 m). 
Broughton Formation 
The succeeding deposits of the lower Broughton Formation were 
characterized by storm-imprinted, primarily offshore (above storm wave 
base) and lower shoreface sedimentation with probable dunes or bars 
emplaced on the elevated depositional gradient hinting aggradation to 
probable middle shoreface level (694-661 m). The subsequent depositional 
evolution probably indicates a strong regression (explained in Chapter 8). 
An overall distinctly coarsening-upward sequence is noted from 661-643 m 
indicating lower delta plain progradation comprising interdistributary bay-
fill and subaqueous channel development. Then, abandoned distributary 
channel-fill occurred between 643-634 m. 
Shoreline evolution and volcanism: A prograding interdistributary delta 
plain sequence and probable limited tidal and wave influences in the deltaic 
and shoreface part, respectively, are interpreted. Axial delta mouth bar 
progradation, like that of BH Huntley 7, is not apparent. Tuffaceous clays in 
the subaqueous interdistributary delta plain deposits and mud-cracked, 
tuffaceous clays in the overlying fluvial setting of the Pheasants Nest 
Formation indicate subaerial volcanism concomitant with sedimentation. 
The absence of volcanic alluvial fans, unlike the southern sector of the 
basin, and lack of relatively coarser-grained deposits indicate distal 
volcanism. Pluvial deposits are indicated above 634 m (Pheasants Nest 
Formation). 
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Pheasants Nest Formation 
Dominantly fluvial channels and near-channel sedimentation with 
increasing influence of interchannel rooted zone in the upper part are noted 
in the interval 634-608 m. Interchannel environment in the 608-562 m 
interval is dominated by fine-grained deposits, swamps and peat swamps in 
the lower half and sandy splays and soil in the upper half. Channel 
development and fill are recorded in the 562-551 m interval. Summing up, 
the bulk of the sequence from 634-551 m shows in-channel (braid bars) and 
channel-fill processes at the beginning and the end bracketing various 
interchannel processes of floodplain/ flood basin deposition, soil formation 
with swamps and peat swamp conditions in the middle segment of this 
sequence. 
Erins Vale Formation 
At depth of about 551 m, a major shift in the environment of deposition 
from alluvial to shallow water marginal marine conditions was marked by 
distributary channels with coarse-grained sediments debouching into 
floodbasin swamp-turned-lagoon or bay. A fan deltaic interpretation is 
supported by the regional occurrence of a better-defined example evident in 
BH Bootleg 8 location (see Section 4.2.8). Transgression followed by fan 
deltaic progradation are suggested. 
Wilton Formation and Woonona Coal Member 
The return to an alluvial setting at 547 m is marked by prograding subaerial 
channels (547-545 m) followed by interchannel peat swamp conditions above 
545 m. 
4.2.2 Depositional Evolution of Sequences in BH CPM Nattai 1 
Reference: Appendix 2.2.2 including Figure A.2.2 (graphic facies log). 
Upper Berry Siltstone 
The Berry Siltstone records below storm wav·e base, offshore sedimentation 
in the lower part of this borehole (363-344 m). Subfacies Fdmb is atypical in 
this location being quartz-rich, fine- to medium-grained sandstone (see 
below). 
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Broughton Formation 
This grades upward into above storm wave base offshore conditions marked 
by wave reworking (344-333 m). A conspicuous change in facies from dark 
coloured Subfacies Fdmb to light coloured Facies Smb (sporadically 
containing clasts of Fdmb) at 344 m (see Fig. 2.3.d) indicates either 
destruction of vegetation in the continental source areas or a change in 
basinal processes from river-dominated sedimentation to a wave-influenced 
one as carbonaceous detritus is generally absent in wave-dominated settings 
(Selley, 1985, p. 136). The quartz-rich, coarser grain-size of the underlying 
Subfacies Fdmb suggests possible river-derived, sediment sources in the 
closeby western cratonic areas. Also, it may be due to aggradation of 
depositional surface from below to above storm wave base, i.e. lower to 
upper offshore sedimentation. Any combination of these factors are possible. 
Thereafter, aggradational bar sands (shoreface) followed by a lagoonal 
condition formed by the seaward progradation of a barrier are speculated 
(333-323-308 m). Possible tidal flat deposits cap the Broughton Formation 
sequence in this borehole location (308-302 m). 
Shoreline evolution: A non-deltaic and barred or interdeltaic shoreline with 
influence of wave-reworking is interpreted. Tidal flats are preserved at the 
top of the shallow marine sequences. The overlying fine-grained splay and 
swamp deposits mark the beginning of the Pheasants Nest Formation 
deposition above 302 m. 
Pheasants Nest and Wilton Formations 
In 302-282 m interval, dominant interchannel splays and associated swamps 
are noted. Above 282 m, peat swamp conditions forming the Woonona Coal 
Member (Wilton Formation) prevailed. At 279 m, a pebbly conglomerate 
channel lag, containing quartzite (in addition to volcanic rock fragments), 
occurs (see Fig. 3.5). 
No Erins Vale Formation is recorded. 
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4.2.3 Depositional Evolution of Sequences in BH DM Oakdale 1 
Reference: Appendix 2.2.3 including Figure A.2.3 (graphic fades log). 
Upper Berry Siltstone 
In 635-585 m interval, oxygen-deficient, lower offshore sedimentation is 
indicated for the quartz-rich, Berry Siltstone sequence containing Zoophycos 
ichnofacies (see Fig. 2.3.e). 
Broughton Formation 
The succeeding deposits of the Broughton Formation were marked by 
aggrading, upward-coarsening, undifferentiated shoreface sedimentation 
(585-555 m). The lack of an upper offshore condition may suggest a 
regressive sequence (Chapter 8). The probable coastal swamps (555-538 m) 
suggest a marginal marine (shoreline) condition. 
Shoreline evolution: A low energy prograding shoreline, possibly non-
deltaic is suggested. 
Pheasants Nest and Wilton Formations 
Interchannel soil and thick sandy splay deposits (538-520 m) represent 
Pheasants Nest Formation. This eventually gave way to peat swamp 
deposits of the Woonona Coal Member (519-517 m). 
No Erins Vale Formation or basal Wilton Formation is recorded. 
4.2.4 Depositional Evolution of Sequences in BH AGL Moonshine 7 A 
Reference: Appendix 2.2.4 including Figure A.2.4 (graphic fades log). 
Broughton Formation 
The Broughton Formation records lower offshore (below storm wave base) 
sedimentation in the lower part of this borehole (799-785 m). A fluctuating 
depositional gradient between the lower and upper offshore and probably 
lower shoreface areas was marked by deposits formed by weak storm waves 
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in distal or deeper waters (785-761 m). Renewed shoreface aggradation and 
shoreline progradation are indicated by facies successions and a subtle 
coarsening upward sequence from offshore areas below 761 m to the 
shoreline facies up to a depth of about 729 m. The upward-coarsening grain 
size trend may also suggest barrier sands_ (Selley, 1985). Some significant 
facies successions are: middle shoreface bars or dunes (e.g. Composite Facies 
SXB, see Section 2.10 and Fig. 2.9) built on lower(?) shoreface in the interval 
761-753 m --> probable barrier sands deposited on middle-upper shoreface 
(753-734) --> uncertain washover fans (Composite Facies SGG; see Fig. 2.7.a) 
and tidal flats in the interval 734-729 m (Composite Facies SFLGB; see Fig. 
2.6-b). 
An interdeltaic bay and/or lagoon formed by the seaward progradation of a 
barrier are speculated for the depth interval 729-714 m (Facies Smb; see Fig. 
2.3-a). The overlying apparent distributary /tidal channels (714-705 m) were 
related to the progradation of coastal alluvial plain over the shoreline facies. 
Shoreline evolution: A storm-influenced prograding barrier system with 
very limited tidal activities on an inter-deltaic shoreline is interpreted. A 
poorly defined delta is also possible. At 705 m and above, the beginning of 
the Pheasants Nest Formation sequence is marked by fluvial distributary 
channel-fill sedimentation in the coastal floodplains. 
Pheasants Nest Formation 
At depth interval 705-701 m, three upward-fining Facies Ssma cycles occur 
with thin siltstone on top of each and root traces (Subfacies Smr) suggesting 
distributary channel-fill processes and vegetation growth on abandoned 
channel surfaces/levees. This provides the first indication of transition from 
barrier system into continental condition. 
In general, channel and, increasingly, inter-channel processes (upward from 
705-683 m) gave way to a prolonged interchannel environment with splays, 
floodbasin ponds and swamps (683-668 m) transforming into substantial peat 
swamp conditions (668-658 m). The depositional site then was subjected 
again to an increasingly proximal depositional locus, first in the form of 
prograding interchannel splays (658-651 m) which buried the peat swamp, 
thereby, ensuring its preservation (McCabe, 1984), and then by channel 
processes (651-642 m). Again, other major interchannel splays and peat-
swamps are shown in the depth interval 642-631, which then gave way to 
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alternating channel and interchannel processes of splays, floodbasin ponds 
and swamps (631-608 m). In brief, alternating period of channel-centred 
sedimentation and interchannel swamps with variable intensities and 
duration are interpreted for the Pheasants Nest Formation. 
Erins Vale Formation 
Massive, bioturbated sandstone of the Erins Vale Formation (Facies Smbr) 
lying above the finer, largely unbioturbated, carbonaceous alluvial deposits 
of the Pheasants Nest Formation with a sharp lower contact at 608 m 
indicates a major shift in environment from alluvial setting to transitional 
marine/ shallow marine environments. In the 608-600 m interval, 
subaerially and subaqueously deposited and biologically modified washover 
fans and interfingering proximal marsh are indicated (see Fig. 3.15 and 
Section 3.3.1 and Appendix 2.2.4 and Fig. A.2.4). Lagoonal marsh 
environment then encroached upon it which also contained lags of 
washover sheets or tidal channels cut into the lagoon/marsh, most of which 
were subsequently scattered by trace makers and/ or destabilized by roots 
(depth interval 600-576 m). A transgressive phase followed by a 
progradational regressive phase are indicated for the Erins Vale Formation 
encountered in BH Moonshine 7 A {further detail in Appendix 2.2.4 and 
Chapter 8). 
Wilton Formation 
In the 576-571 m interval, well sorted alluvial sands (Facies Ssma) succeeded 
by predominantly interchannel (floodbasin) deposits (laminated 
carbonaceous fine-grained rocks - Subfacies Fcl) of the basal Wilton 
Formation indicate the end of the transitional marine transgressive domain 
represented by the Erins Vale Formation (Fig. 4.1). Floodbasin lakes 
receiving disseminated, carbonaceous fine-grained sediments (Subfacies Fcl) 
were typically developed during the lower Wilton Formation time. 
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4.2.5 Depositional Evolution of Sequences in BH DM Wollongong 35 
Reference: Appendix 2.2.5 including Figure A.2.5 (graphic fades log). 
Broughton Formation 
BH Wollongong 35 confirms m its lower portion (819-812 m) shoreface 
storm layers (Fades Slax; see Fig. 2.1) before the bulk of the lower Broughton 
Formation's transgressive, deeper water deposits were laid down. 
A thin early transgressive fades (812-808 m) was followed by a below storm 
wave base offshore setting (808-769 m), which then aggraded above storm 
wave base level (769-729 m). This was capped by HCS and coarse-grained 
storm bed association (see Fig. 2.3.g) still in an upper offshore plus likely 
lower shoreface area (729-723 m). Undifferentiated shoreface with bars 
(?barrier sands) followed by an interdeltaic bay and/ or lagoon formed by the 
seaward progradation of a barrier are speculated for the depth interval 723-
705 m. 
Shoreline evolution: A prograding, poorly defined barrier system or 
interdeltaic shoreline with limited influence of waves is noted. This passes 
upward into the fluvial channel and interchannel deposits of the Pheasants 
Nest Formation. 
Pheasants Nest Formation 
The following generalized environmental evolution is noted for the 
Pheasants Nest Formation: sand-dominated channel-fill and near-channel 
environments between 705-689 m; channel/near-channel sands alternate 
with the more dominant interchannel fine-grained sediments (splays, 
floodbasins, swamp and peat swamps) between 689-644; and dominant 
channel and near-channel sands with subordinate interchannel fine-grained 
sediments between 644-594 m. In brief, the bulk of the Pheasants Nest 
Formation from 689 m to 594 m is dominated by the channel and near-
channel sands with increased influence of interchannel floodbasin ponds, 
swamps and peat swamps at the mid-level. 
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Erins Vale Formation, Wilton Formation and Basal Tongara Coal 
At depth of about 594 m, a major shift in environment from alluvial to 
washover fan(?) conditions is inferred and continues up to 591 m. The 
lagoonal marsh deposits in the depth interval 591-562 m, constituting the 
bulk of the Erins Vale Formation, indicate this transgressive phase. Return 
to an alluvial setting, marked by interchannel floodbasin deposits (lower 
Wilton Formation), occurs at 562m, which, in turn, gave way to peat swamp 
conditions (Tongara Coal) at 533 m. 
4.2.6 Depositional Evolution of Sequences in BH UWl 
Reference: Appendix 2.2.6 including Figure A.2.6 (graphic facies log). 
Broughton Formation 
The coarsening-upward 110-107 m interval represents aggradational lower 
shoreface conditions. The 107-97 m interval, being dominated by a 
comparatively finer grained Composite Facies SDLMB (see Fig. 2.4) and 
SHCS, suggests transgression and upper offshore sedimentation. 
The three alternative interpretations for the depth range 97-92-88 m are: 
(a) tidal channel-fill/ flat sedimentation gave way to an associated 
lagoon/ interdistributary bay environment, as seen in Boreholes Moonshine 
7 A and Wollongong 35 sequences; or 
(b) delta front to interdistributary bay evolution; or 
(c)a coarsening-upward middle to upper shoreface sequence (?barrier sands) 
was followed by a transgressive/ subsiding shoreface setting. 
As explained in Section 2.7 (Composite Facies SXLGB; Figs 2.10-a and 2.10-b) 
and Appendix 2.2.6, if the first interpretation is favoured, it would represent 
a much more rapid change of facies than other alternatives, probably 
suggesting a strong regression or a barrier migration and aggradation built 
up seaward of the locality. 
The end of the above phase was marked by energetic sedimentation -
perhaps tidal sedimentation magnified by storm surges lashing a coastline 
(88-87 m interval; defined by Composite Facies SGG-II, see Section 2.8.3 and 
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Fig. 2.7-b). This marks the junction between the Broughton and Pheasants 
Nest Formations. 
Shoreline evolution: 
shoreline (barrier 
flood basin/ floodplain 
This location marks a storm-influenced prograding 
system?) with tidal influence. A coastal 
setting followed by pronounced alluviation then 
prograded over it (Pheasants Nest Formation). 
Pheasants Nest Formation 
The predominantly interchannel splays and soil between 88-76 m were 
succeeded by channel processes between 76-69 m. Then, the bulk of the 
sequence from 69-19 m show alternate large- and small-scale migrating 
bedforms of dunes and ripples formed from higher and lower flow 
velocities, respectively. Energetic, in-channel bar developments composed of 
gravelly and coarser grained sandy dunefields occur between 19-14 m. 
The apparent similarity of the sedimentary structures in UWl with 
UNRLYl outcrops (see Chapter 6) suggests that channelized flows producing 
aggrading dunes (trough cross-stratified sandstone and minor conglomerate; 
see Figs 3.13 and 3.6) are an important depositional pattern seen in the study 
of this borehole sequence (52-31 m, 24-21 m and probably 19-14 m). 
The Erins Vale Formation has been removed by erosion. 
4.2.7 Depositional Evolution of Sequences in BH Alliance Cataract 1 
Reference: Appendix 2.2.7 including Figure A.2.7 (graphic facies log). 
Upper Berry Siltstone 
The Berry Siltstone encountered below 845 m indicates below storm wave 
base, offshore areas. The overlying slightly coarser grained interval (845-781 
m) represents continuation of the same depositional environments. 
Broughton Formation 
Then, aggradation to above storm wave base offshore conditions is indicated 
(781-736 m). Undifferentiated lower to middle shoreface aggradation 
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between 736-713 m is succeeded by probable distributary /tidal channels 
between 713-699 m. 
Shoreline evolution: A storm-influenced, prograding shoreline with 
uncertain barrier system is indicated. The Pheasants Nest Formation above 
699 m is represented by subaerial distributary channel development and fill. 
Pheasants Nest Formation 
The subaerial channel processes occur between 699-655 m. Alternating 
channel and interchannel environments are noted between 699-572 m 
including probable in-channel processes (?aggrading dune-fields) and 
sheetflood sands in the lower intervals (e.g. 699-655 m and 620-603 m). 
Again, similar channelized flows are noted between 572-543 m, which show 
increasing influence of intervening interchannel environments of sandy 
splays and soil upward (543-509 m). In this respect, BH Alliance Cataract 1 
sequence has depositional similarity with the upper part of the BH UWl 
sequence (compared with UNRLYl, Chapter 6). 
Igneous intrusions are present in the upper parts of this borehole sequence 
affecting the upper Pheasants Nest and lower Erins Vale Formations. 
Erins Vale Formation, ?Kulnura Marine Tongue ~iember and lower Wilton 
Formation (Woonona Coal Member) 
Igneous intrusions have affected a significant bulk of the sediments in the 
important interval from 509-449 m wedging apart the sediments and 
effecting thermal metamorphism. Thus, the first horizons subjected to 
marine transgression and the nature of sedimentary evolution from 
subaerial to offshore conditions are undetectable. However, it appears that 
the first offshore transgressive facies occurs in the interval 509-478 m. Facies 
Fdmb encountered at 449 m confirms a deep water lower offshore condition 
and is likely to be the Kulnura Marine Tongue ~'kmber (449-422 m). Its 
more regular occurrence without the igneous intrusion is noted between 
443-422 m. 
The medium/ dark gray silty Kulnura Marine Tongue M:ember becomes 
sandy upward and at 422 m, grades into very fine- to medium-grained 
sandstone with similar colour (Erins Vale Formation). The latter probably 
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indicates upper offshore aggradational sedimentation (422-404 m). The 
disseminated carbonaceous materials are interpreted in Section 4.2.8. 
At 404 m, the medium gray bioturbated sandstone grades upward into 
slightly coarser grained, reddish brown bioturbated sandstone and 
interbedded storm layers. This suggests aggradation from upper offshore to 
oxygenated undifferentiated shoreface conditions (404-387 m; deteriorated 
cores between 387-379 m). The 379-377 m interval probably represents SCS 
sandstone deposition comparable to outcrop examples (see Chapter 7). 
The coarsening-upward Erins Vale Formation sequence from below 422 m 
to above 377 m documents a progradational marine to shoreline evolution. 
Flu vial deposits of fining-upward channel sands (377-373 m: basal Wilton 
Formation) and succeeded by interchannel peat swamps (373-371 m: 
Woonona Coal Member) heralded the end of the marine phase and the 
beginning of a prograding fluvial coastal plain probably suggesting a 
regression. 
4.2.8 Depositional Evolution of Sequences in BH AGL Bootleg 8 
Reference: Appendix 2.2.8 including Figure A.2.8 (graphic facies log). 
Broughton Formation: 
The Broughton Formation encountered in the lower portion of this 
borehole sequence probably represents middle to upper shoreface barrier 
sands (1296-1288 m). They are overlain by extensive coastal tidal flat deposits 
(1288-1266 m). 
Shoreline evolution: The facies successions suggest the development of a 
sheltered setting of tidal flat behind a barrier, which prograded over the 
barrier deposits. Although there are well-developed erosive-based, cross-
bedded sandy sequences immediately overlying the tidal flat deposits, they 
are clearly subaerial and not the subaqueous distributary channels, typical of 
delta progradation. Summing up, BH Bootleg 8 sequence indicates fluvial 
aggradation upon prograding low-energy, tide-influenced beach-barrier 
environment. 
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Pheasants Nest Formation 
A terrestrial environment is heralded by channel development and fill in 
floodbasin conditions between 1266-1262 m. Floodbasins with intermittent 
splays ultimately gave way to predominantly splay conditions in the 
interchannel areas up to the depth of 1227 m. Then, cycles of channel 
migration across interchannel swamps and peat swamps and interchannel 
sandy splays and soil characterized the setting until the transgressive phase 
of the Erins Vale Formation occurred at 1109 m. 
Erins Vale Formation, Kulnura Marine Tongue Member and Marangaroo 
Conglomerate 
A 2 m thick Fades Smbr between 1109-1107 m, contrasting sharply with the 
underlying alluvial fades of the Pheasants Nest Formation, acts as a 
shoreline transgressive precursor to a dramatic change of depositional 
environment to the oxygen-deficient, below wave-base lower offshore 
conditions represented by the Zoophycos-bearing Subfacies Fdmb between 
1107-1092 m (Figs 4.2 and 4.3). This is regarded as part of the Kulnura Marine 
Tongue Member. 
The coarsening-upward sequence from below 1092 m to 1060 m constituted 
upper offshore aggradational sedimentation. Disseminated carbonaceous 
materials of Subfacies Fdmb in 1107-1060 m were made available by the 
transgressive reworking of the pre-existing carbonaceous alluvial sediments 
and/ or by eroding the contemporaneous swamps (vegetation washed in). 
The subaqueous fan-deltaic deposition in a lagoonal marsh/bay setting is 
marked between 1060-1049 m (Fades Smb overlain by Subfacies Gmb with 
an intervening 2 cm thick coal layer). The progression from upper offshore 
to subaqueous fan-deltaic deposition indicates a rapid regression destroying 
most of the record of shoreface sedimentation. The evolution of the coarse-
grained delta from subaqueous to subaerial conditions is reflected in the 
transition of Subfacies Gmb of the upper Erins Vale Formation to Fades 
GSm of the basal Marangaroo Conglomerate at 1049 m, the latter occupying 
the interval 1049-1042 m. Besides facies characteristics of Gmb (bioturbated) 
and GSm (unbioturbated) and an upward-coarsening sequence in the 
interval 1060-1049, the crucial evidence for fan delta comes. from the 
determination of the dominance of fluidal/ gravity flow in the feeder system 
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in the subaerial fan (McPherson et al., 1987). This is shown by the multiple-
event hyperconcentrated flows of a subaerial fan (Facies Dsmd) in one of the 
overlying intervals (1040-1030 m; see Fig. 3.2-b ). The Marangaroo 
Conglomerate occupying the depth interval 1049-1026 m, documents 
aggradational and regressive evolu~ion from fan delta to subaerial fan 
through the deposition of massive conglomerates (Facies GSm) and 
diamictites (Facies DSmd) intercalated with subordinate fining-upward, 
cross-bedded fluvial sediments. This indicates that the dominant fan 
processes alternated with periods of fluvial sedimentation. 
The last phase of fluvial channel sedimentation occurred in the 1030-1026 m 
interval before the interchannel peat-swamp conditions of the Woonona 
Coal Member (Wilton Formation) prevailed above 1026 m. 
4.3 DEPOSITIONAL EVOLUTION FROM BOREHOLE STUDIES IN THE 
SOUTHERN SECTOR 
4.3.1 Depositional Evolution of Sequences in BH ER 8 
Reference: Appendix 2.3.1 including Figure A.2.9 (graphic facies log). 
Pheasants Nest Formation 
This southernmost borehole sequence from the study area shows the 
depositional processes of a volcanic-derived subaerial alluvial fan lying 
above the Minnamurra Latite Member. Coarse-grained hyperconcentrated 
flood flow deposits on the fan surface gave way to aqueous, sheetflood 
deposits. These, in turn, were replaced by repeated cycles of channel 
development and fill and interchannel sheetflood deposits characterized by 
discharge fluctuations (braided deposition). An evolution of the fan from a 
proximal to more distal setting is reflected by the gradation from sediment 
gravity flow to sheetflood and possibly shallow braided stream deposition, 
respectively. 
4.3.2 Depositional Evolution of Sequences in BH ER 1 
Reference: Appendix 2.3.2 including Figure A.2.10 (graphic facies log). 
Since the sequences in BH ERl shed very significant light on the 
depositional evolution of the volcanically-influenced deposits of the 
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Jamberoo Sandstone Member of the Broughton Formation and the 
Pheasants Nest Formation, which are not available in other shallow 
boreholes in the southern sector, a detailed interpretation of the borehole 
sequences in BH ERl is given in Appendix 2.2.2. 
Broughton Formation and J amberoo Sandstone Member 
The Broughton Formation encountered near the base of this borehole 
sequence (395-386 m) indicates rapid deposition from a subaqueous 
volcaniclastic sediment-laden flow in a low energy shallow marine 
condition. It existed next to a prograding sandskirt in the lower I outer part of 
a volcanic alluvial fan (represented by the Jamberoo Sandstone Member of 
the Broughton Formation) with an upward-coarsening sequence apparent 
from below 386 m to about 369 m. Overall, from 386 m up to a depth of 
about 324 m sandy hyperconcentrated flood flow deposits dominate (Fig. 4.4). 
The lack of evidence of incised channels and coarse-grained debris flow 
deposits, presence of mud clasts, bioturbation and root traces (soil 
development) suggest remobilization by secondary fan processes 
(McPherson and Blair, 1993). Overwhelming sand deposits further indicate 
that the present example is probably a sandskirt in the lower part of a fan. 
Thus the sloping volcaniclastic apron of the sandskirt aggraded primarily 
through overland transport of sandy hyperconcentrated flood flows 
remobilizing the primary /proximal fan materials. It probably constituted 
ring-plains of a volcanic alluvial fan. From 324-319 m, interchannel finer 
grained splays and soil conditions prevailed (see Fig. 3.8-a). This, in turn, 
gave way to another round of sandy hyperconcentrated flood flow and soil 
processes (319-304 m). 
Minnamurra Latite Member and Pheasants Nest Formation 
A younger/proximal volcanic event produced the subaerial flow of the 
Minnamurra Latite Member mantling the volcaniclastic deposits from 304-
287 m. Above this latite, a distal alluvial fan environment characterized by 
in-channel processes (?aggrading dune-fields), sheetflood sands and coarse-
grained, scour-and-fill (272-270 m) are inferred, similar to UNRLY 1, 4 and 5 
outcrops (Chapter 6). 
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The subaerial fan was followed by fine-grained splay and swamp deposits 
represented by the 270-261 m interval. The Tongara Coal attesting prolonged, 
very low-gradient peat swamp conditions occurs above 261 m. 
4.3.3 Depositional Evolution of Sequences in BH ER 10 R 
Reference: Appendix 2.3.3 including Figure A.2.11 (graphic facies log). 
Minnamurra Latite Member and Pheasants Nest Formation 
The Minnamurra Latite Member is encountered from the base of the 
borehole at 410 m to 401 m. The 15 cm thick upper horizon of the 
Minnamurra Latite Member and the superimposed soil horizon attests to a 
period of subaerial weathering upon which a palaeosol horizon developed. 
In view of the recently reported permafrost palaeosol profile from the 
Broughton Formation (Retallack, in press), disrupted fabric in the present 
example is inferred to have been caused by seasonal freezing and thawing 
cycles associated with the frost action (Fig. 4.5). Root penetration into some 
of the fractures is also likely. In the interval 401-386 m, sandy sheetflood 
deposits with a granule lag grade upward into a thick sequence of ripple-
laminated sand and finer-grained rocks. Dominant palaeosol horizons occur 
from 386-378 m. 
This was followed by swamp and peat swamp conditions in the interchannel 
areas (378-374.5 m). The Tongara Coal above 374.5 m indicates peat swamp 
conditions. 
4.3.4 Depositional Evolution of Sequences in BH DM Huntley 7 
Reference: Appendix 2.3.4 including Figure A.2.12 (graphic facies log). 
Broughton Formation 
This is the deepest borehole in the southern sector of the depositional basin 
that confirms in its lower portion a shoreface/foreshore storm layer facies 
before the bulk of the lower Broughton Formation's transgressive, deeper 
water deposits were laid down. 
The shoreface/foreshore storm layers (415-398 m) were transgressed and an 
undifferentiated environmental gradient from offshore to shoreface 
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conditions ensued that accumulated about 64 m of lithified sediments (398-
334 m). 
Then, delta sedimentation followed through an initial, quiet pro-delta (334-
329 m) to energetic delta front (329-325 m) condition. The two intervals 
together exhibit an overall coarsening upward trend in line with typical 
prograding subaqueous delta plain sequences consisting of these two 
subenvironments (e.g. Coleman and Prior, 1980, 1982; Selley, 1985; 
Bhattacharya and Walker, 1992). The evidence for deltaic deposition comes 
from the determination of the nature of the subaerial feeder system (Nemec, 
1990). In the present study, subaerial delta environments with major 
distributary channels showing fluctuating braided sedimentation style are 
demonstrated in the interpretation of 325-316 m interval which also marks 
the beginning of the Pheasants Nest Formation. 
Deltaic Evolution: This borehole provides the only relatively complete 
evidence for axial deltaic deposition at the close of the Broughton 
Formation. The above storm wave base offshore conditions during the 
middle Broughton Formation are followed by pro-delta and delta front 
sedimentation in the upper Broughton Formation. The subaerial deltaic 
braidplains represented by the lower Pheasants Nest Formation prograded 
over the subaqueous delta plain. However, lower deltaic plain appears to 
have been eroded in a strongly regressive sequence (evident in basin fill 
architecture shown in Chapter 8). 
Pheasants Nest Formation 
Braided distributaries (325-316 m) followed by interchannel sheetfloods and 
associated soil progressively became dominant (316-297 m). The overlying 
deposits record peat swamp conditions (297-295 m) and a prolonged, 
generally floodplain/floodbasin mud deposition (295-279 m). The Tongara 
Coal above 279 m suggests extensive peat swamp conditions. 
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4.3.5 Depositional Evolution of Sequences in BH EH 3 
Reference: Appendix 2.3.5 including Figure A.2.13 (graphic facies log). 
Pheasants Nest Formation 
The Pheasants Nest Formation records significant development of coarse-
grained, braided distributary environments in the lower part of this 
borehole sequence (339-315 m). Upward, less energetic channel or near 
channel sedimentation and dominant interchannel splays and minor 
swampy conditions (315-301) were followed by peat swamp and floodbasin 
mud deposition (301-294 m). Then, increasing proximity of the depositional 
locus is indicated by splay deposits and coarse-grained channel lag sediments 
(294-291 m). Above 291 m, the peat swamp deposits represented by the 
Tongara Coal heralded yet another cycle of distal environments of 
interchannel peat swamp conditions. 
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OUTCROP STUDIES OF THE BROUGHTON 
FORMATION 
. ,
5.1 INTRODUCTION 
The outcrops of the latite-dominated upper Broughton Formation, selected 
for this study, are located south of Wollongong (see Figs 1.7 and 8.3). These 
are: INVES, ILRL Y2 and SFWYl. Whereas IlRL Y2 stratigraphic section is 
below the INVES location, the SFWYl sequence is equivalent to and above 
the INVES section. 
The major focus of this study, contained in Section 5.2, is on the INVES 
outcrop which aims at elucidating the complex lava emplacement-
sedimentation process and reconstructing the depositional evolution of 
these sequences (Sobhan et al., 1993). Sections 5.3 and 5.4 briefly examine the 
stratigraphic sections at ILRLY2 and SFWYl locations, respectively . 
5.2 DEPOSITIONAL ARCHITECTURE OF INVES OUTCROP 
5.2.1 Introduction 
The hills facing Investigator Road west of Southern Freeway in Unanderra 
are composed of the Dapto Latite Member - the youngest latite of the 
Shoalhaven Group in this area. The phenocryst-rich basalt lava flows, with 
evidence of sparse intercalation or inclusion of sediments at different levels 
on the hill-slope, are capped by 4-6 m thick volcaniclastic sediment. An east-
west trending quarry face on the hill-top, about 45 m long, offers an 
opportunity for lateral profile analysis for a detailed fades study (Fig. 5.1). 
Architectural element analysis cannot be undertaken because of lack of 
sufficient bounding surfaces for erecting a hierarchical ordering of these 
surfaces, including unknown external bounding characteristics (4th or 
higher orders), and insufficient palaeocurrent data. However, this outcrop 
provides information regarding a limited number of internal bounding 
surfaces which may help in making a reasonable estimation of the geometric 
attributes of the lithosomes. Blasting has obscured the sedimentary 
structures on the quarry face. The patchy outcrops occurring along other 
sides of the hill are investigated to piece together an integrated depositional 
model represented by the INVES location. 
Ten fades, including one subfacies, recognized in the INVES outcrop, are 
grouped into three fades associations based on palaeoenvironmental 
affinities. The fades and fades associations are mentioned below in the 
order they occur from base upward. 
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A. Facies Association Lavas and Hyaloclastite (LH) includes: 
1. Facies Ls: submarine lavas including Subfacies Lsp - submarine pillow 
lavas; 
2. Facies Lh: hyaloclastite-lavas. 
B. Facies Association Submarine Debris Flow /Ice-rafted Deposits (SDF /ID) 
includes: 
1. Facies Dbm: matrix-supported bouldery diamictite; 
2. Facies Dpm: matrix-supported pebbly diamictite. 
C. Fades Association Swaley Cross-stratified Sandstone Assemblage 
(SSCS) includes six facies that are listed below in order of decreasing depth of 
,, occurrence - from 1 through 4 with two facies being present at about the 
same level each in case of 2 and 4: 
1. Facies I: SCS and sandy wave ripple assemblage; 
2. Facies II: SCS-HCS assemblage; 
Facies III: SCS and rippled mudstone/siltstone assemblage; 
3. Facies IV: SCS and rippled muds tone/ siltstone and coarse-grained 
storm bed assemblage; 
4. Facies V: SCS and Angle of repose cross-bed assemblage; 
Fades VI: SCS/low-angle cross-stratification and abundant ripple 
lamination assemblage. 
The above are described and interpreted in Sections 5.2.2 and 5.2.3. 
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5.2.2 Fades Associations LH (Lavas and Hyaloclastite) and SDF/ID 
(Submarine Debris Flow/Ice-rafted Deposits) and Their Constituent 
Fades 
Introduction 
First, the four facies encountered in the lower two facies associations are 
described and interpreted in the order they occur from base upward (see Fig. 
5.1). Then, the facies associations are discussed. 
Fades Ls: Submarine Lavas (Including Subfacies Lsp - Submarine Pillow 
Lavas) 
The basaltic latites of the Dapto Latite Member are considered to be 
submarine lava flows (Carr, 1982). By and large, the major portions of the 
INVES and SFWYl outcrops and almost all of Borehole FH2 are composed 
of this facies (see Fig. 1.7). 
In most cases, the exact type and geometry of the lavas cannot be determined 
because of lack of exposure and detail subsurface information. However, in 
some places, a pillow form can be recognized in the lavas, thus warranting 
designation of a subfacies - Pillow lava (Lsp) Subfacies. Very localized 
quench fragmentation at the margin of some pillows and broken fragments 
in inter-pillow spaces are recognized (Fig. 5.2). Some flows possibly 
developed crude radial cracks resulting in autobrecciation of lavas. The 
thickness of individual pillows ranges from 1.3-1.7 m. Locally, Subfacies Lsp 
has a crudely rectangular form with a slightly undulatory top. 
Fades Lh: Hyaloclastite-Lavas 
This facies consists of phenocryst-rich basalt lavas and breccias, the 
phenocrysts being mostly medium- to coarse- grained plagioclase feldspar 
with subordinate clinopyroxene. Fresh surfaces of brecciated horizons (in 
the lower part of this facies) reveal a crude to close jig-saw fit of breccias in a 
matrix of sand and mud lacking relict sedimentary structures (Fig. 5.3). 
Individual feldspar grains and small blobs of basaltic rock fragments with 
highly irregular margins are dispersed in the matrix with part of the latter 
being attached to the larger clast - an evidence for fluidization as lavas 
intruded into soft sediment. The breccias vary in size from granules to very 
large boulders (83x52 cm), the average ones being 45x25 cm. 
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The exposed thickness of this facies in the type section ranges from about 20 
cm in the west to 2.7 min the east with the lateral extent being about 29 m. 
The stratigraphic section has been measured at a point where this facies has 
an exposed thickness of 40 cm. Although the detail nature of the upper 
contact throughout the exposed length of this facies can not be ascertained 
because of weathering it is generally inclined, strongly undulatory and is 
conformable with Facies Dbm. With the lower contact being unexposed, the 
form of this facies, thus appears to be a crude triangle which thins to the 
west. A wedge-shaped geometry in three-dimension is probable. 
This facies is interpreted to be lava flows and in-situ hyaloclastite. 
Fades Dbm: Matrix-Supported Bouldery Diamictite 
f:'qc;e.sPbm.-has non-graded, open-framework volcanic breccia (cobbles to very large 
boulders) set in a matrix of fine-grained sand and silt. It is very poorly sorted 
and lacks internal stratification. The breccias occur in isolation to each 
other. More commonly, however, they are concentrated in lows caused by 
the undulatory relief of the underlying Facies Lh (see Fig. 5.1) 
The lower bounding surface with Facies Lh is planar or undulatory and 
non-scoured. The upper contact with Facies Dpm or Facies Association SSCS 
is gradational. The thickness of this facies is dependent on the variable 
depth to its lower contact with Facies LH - 20 cm to about 1.2 m. The lateral 
extent is throughout length of the exposure, i.e. 45 m. 
Facies Dbm has no definite shape in two-dimension. It is a poorly defined, 
irregularly bottomed mass with diffuse, planar upper contact (trapezoidal?). 
In three-dimension, it may have a tabular-wedge geometry. 
Facies Dbm either represents ice-rafted and/ or debris flow deposits 
containing sand, mud and dislodged hyaloclastite breccia that fill the lows 
on undulating submarine volcanic terrains. 
Fades Dpm: Matrix-Supported Pebbly Diamictite 
Facies Dpm contains volcanic granules and pebbles in a matrix of fine- to 
medium-grained sand. It is generally matrix-supported, poorly sorted with 
rounded to sub-angular framework grains and lacks internal stratification. 
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Also present are fossil wood fragments and bivalve shells. Both reversely-
and non-graded aspects are noted (Fig. 5.4). 
Its thickness is 24-35 cm and extends throughout the length of the exposure. 
The attitude is strike 300-350° and dip 7-10° northwest. The lower contact is 
gradational with Facies Dbm. The upper bounding surface with Facies 
Association SSCS is generally planar and sharp (Fig. 5.4). This facies has a 
rectangular form which is most probably a discontinuous sheet in three-
dimension, the discontinuity being made apparent by larger sized gravels 
occurring sporadically in this horizon or by the localized absence of 
framework grains. 
Probable resedimented debris flow on the submarine volcanic slope is 
interpreted for this facies which drape the underlying deposits finally 
smoothing out the depositional slope. Clasts were transported some distance 
from the source or were resedimented after a first-cycle debris flow 
deposition. Ice-rafted clast layers are an alternative interpretation. However, 
fossil fragments, subrounded pebbles and graded beds favour transportation 
prior to deposition and a sediment gravity flow origin (Eyles and Eyles, 1992; 
Eyles et al., 1997). An initial deposition through ice-rafting cannot be ruled 
out. A near-land, at least a partly land-sourced, submarine depositional 
setting is strongly indicated where rapid deposition was common. 
Fades Association LH: Lavas and Hyaloclastite 
Subfacies Lsp and Facies Lh comprise this facies association. Facies Ls -
undifferentiated submarine lavas, form the foundation of this association. 
The dimensions of this fades association are mentioned under Facies Lh. 
The probable, overall geometry is an inclined, undulatory, tabular-wedge. 
As the lavas flowed over unconsolidated sediments (deposited prior to the 
development of Fades Lh), they partially intruded into the sediments. The 
sediment cover was not thick enough to be preserved and to retain any 
signature of the type of contact between the lavas and intruded sediments. 
Most of the sedimentary cover overlying the pre-existing lavas (Fades Ls) 
was incorporated into the advancing lava flow, thus, producing Fades Lh. 
Some emergent lobes of the lavas above the sediment-water interface were 
preserved as Subfacies Lsp. 
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A conceptual model showing the evolution of this facies association is 
shown in Figure 5.5 (stages 'A' and 'B') 
Fades Association SDF/ID: Submarine Debris Flow/Ice-rafted Deposits 
Facies Dbm and Dpm constitute this facies association. Facies Dbm is the 
lower facies which has an undulatory and non-scoured bounding surface 
with the underlying Facies Association LH. Facies Dbm grades upward into 
Facies Dpm or Facies Association SSCS. In general, the upper bounding 
surface of this association in contact with Facies Association SSCS is 
generally planar or sharp. Overall, it most probably has an irregularly-
bottomed blanket geometry in three-dimension. 
The thickness of this facies association is directly proportional to the 
dominant Facies Dbm and likewise, is dependent on the variable depth to its 
lower contact with Facies Association LH, i.e. 40 cm to about 1.5 m. The 
lateral extent is throughout the 45m length of the exposure. 
There are two alternative, but related, interpretationsof this facies association 
as suggested below. 
Interpretation 1: 
The first interpretation suggests submarine debris flows in a volcano-
tectonically juvenile province close to the source areas, which have been 
commonly noted on the slopes of other subaqueous volcanoes (e.g. Cas and 
Wright, 1987; Fisher, 1983, 1984; Ballance and Gregory, 1991). 
The boulders in Facies Dpm are generally concentrated into the lows on the 
undulating submarine volcanic terrain (Facies Association LH) including 
between the lobes formed by emergent pillow lavas (Ayres et al., 1991, p. 
179). Although there are reports of very large lava clasts (up to 20 m long) 
being able to be carried to a distance of more than 40 km by submarine 
gravity flows in the Miocene sequences of the Waitemata interarc basin of 
northern New Zealand (Ballance and Gregory, 1991), there is no need to 
invoke such a long distance debris flow transportation in this facies when 
the clasts are compositionally similar to the lavas just lying underneath 
them (Facies Association LH). Thus, many latite boulders found in the 
Facies Association SDF /ID might have been rolled down from the adjacent 
volcanic terrain upslope. 
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Interpretation 2: 
This interpretation favours ice-rafting and mass flows for initial deposition 
and later reworking of some of the deposits through mass flows and basinal 
processes. As dropstones, including iceberg-rafted clasts as large as 3 m in 
diameter and weighing 14 t, are reported from the Shoalhaven Group (e.g. 
Gostin, 1968; Raam, 1968; Gostin and Herbert, 1973; Herbert 1980; Eyles et al., 
1997), it is possible that many boulders might have been deposited as 
drop stones. 
The aggradational submarine debris flow /ice-rafted deposits are capped by 
resedimented debris flow deposits (Fades Dpm) which smooth out the 
depositional slope. At least, a partly land-sourced sedimentation blanketing 
the volcano slope is indicated by this fades association. The generally 
westerly-dipping palaeotopography of the Facies Association LH and the 
attitude of the upper bounding surface of Fades Association SDF /ID indicate 
a generally northwesterly- to westerly-dipping depositional slope. Taking 
into account structural tilting (3-5°), it may be inferred that the depositional 
slope was dipping 2-4° to the northwest. 
A conceptual model showing the evolution of this fades association is 
shown in Fig. 5.5 (stages 'B' and 'C'). 
5.2.3. Fades Association SSCS: Swaley Cross-Stratified Sandstone 
Assemblage 
General characteristics 
This unit is characterized by swaley cross-stratified fine- to medium-grained 
sandstone with scattered latite boulders and various associated features as 
follows: rippled and non-rippled muddy I silty thin, discontinuous 
interlayers (flaser bedding) or wisps; sandy symmetrical wave ripples; thin, 
discontinuous conglomeratic bands and ripples; and solitary hummocky 
cross-stratification. The frequency and size of the latite boulders (maximum 
size more than lxl m) decrease upward. Where these boulders are present, 
the swaley cross-stratified laminae abut against the margins of boulders and 
drape them. In places, fine- to coarse-grained sand-sized, relatively fresh 
feldspar grains and granular chips of latites constitute laminae and ripples. 
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Six types of facies, defined on the basis of sedimentary features associated 
with swaley cross-stratification, constitute this facies association. The cosets 
of SCS generally form laterally extended subhorizontal beds. The 
compaction of lithic fragments and weathering have made the SCS/HCS 
sequences difficult to recognize. These may potentially result in an incorrect 
identification of the deposits as massive or flat beds. 
The SSCS-dominated section is at least 4.1 m thick. Although its lower 
bounding surface is apparent, the upper and lateral ones can not be 
determined because of lack of exposure. The geometry of this unit is 
unspecified but the abundance of SCS and flat bed Assemblage and overall 
outcrop orientation suggest that it might have a thick, tabular or sheet-like 
geometry. 
Mechanism of HCS/SCS formation 
The hummocky cross-stratification (HCS) and one of its variants, the swaley 
cross-stratification (SCS), are formed by storm waves with the former and 
latter being respectively representative of below and above fair-weather 
wave base (e.g. Walker, 1991; Walker and Flint, 1992). For a schematic 
account of the genesis of storm bed deposits and the sequence of events 
producing HCS, the interested reader is referred to Figures 4 and 5 of Duke et 
al., 1991. 
Considering various modern and ancient examples and experimental 
studies, Duke (1990) and Duke et al. (1991) suggested that storm induced 
offshore sand transport occurs under oscillatory-dominated combined flows 
and produces HCS. The two components of this flow are: normal-to-the 
shoreline oriented, very dominant oscillatory flow and a shoreline-oblique, 
geostrophically balanced, unidirectional current induced by coastal set up. 
Referring to stability fields of bedforms for HCS deposition from 
experimental studies, Duke et al. (1991, fig. 2) suggested that purely 
oscillatory flow or very strongly dominant oscillatory flow is responsible for 
the formation of large, 3-D hummocky ripples in very fine sand, which 
likely form isotropic HCS, and that higher oscillatory speed flow with a non-
negligible current component washes away ripples and replace them with 
flat beds. Also, they do not rule out 'combined flow scour and drape' 
mechanism for the deposition of SCS as advocated by Bourgeois (1980). 
According to the 'scour and drape' theory, the offshore-directed storm 
relaxation flows scour the bottom sediments producing swales and 
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hummocks that may be accentuated by small gravel lag deposits including 
rip-up mud clasts, derived from the storm reworking of sediments. As the 
surge wanes, the suspended sediments are dropped forming lamination 
parallel to the swales. 
Constituent Fades of Fades Association SSCS 
Six versions of intercalated SCS associations are noted. Since blasting has 
obscured most of the sedimentary structures along the east-west quarry face 
and also, this cliff is inaccessible for closer examination of small-scale 
sedimentary features, only one of these six fades could be examined from 
this face. The rest are seen on patchy outcrops occurring along other sides of 
this hill-top quarry face. This posed a problem in definitely establishing the 
relationship among constituent fades of the Facies Association SSCS. 
However, given this limitation, an apparent vertical relationship among 
these versions is inferred and a reasonably viable explanation of the SSCS 
phenomena has been pieced together. The six SCS associations (Fades I 
through VI) are listed below in order of decreasing depth of occurrence -
from 1 through 4 with two fades being present at about the same level each 
in case of 2 and 4. 
1. Fades I: SCS and sandy wave ripple assemblage; 
2. Fades II: SCS-HCS assemblage; 
Facies III: SCS and rippled mudstone/ siltstone assemblage; 
3. Fades IV: SCS and rippled mudstone/ siltstone and coarse-grained 
storm bed assemblage; 
4. Facies V: SCS and Angle of repose cross-bed assemblage; 
Facies VI: SCS/low-angle cross-stratification and abundant ripple 
lamination assemblage. 
Fades I: SCS and sandy wave ripple assemblage 
Sandy, symmetrical wave ripples are present m the lower part of the 
sequence dominated by large latite boulders. The ripples, sometimes draped 
by mud, occur at the top of a SCS set (Fig. 5.6-a and -b ). The average 
dimensions of these ripples are: height= 2 cm; wave length = 22 cm with a 
strike ranging clockwise from 355° to 030°, generally a north-northeast trend. 
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Fades II: SCS-HCS assemblage 
This fades shows SCS and solitary HCS sets (Fig. 5.6-c). In places, they are 
associated with flat beds. 
This appears to be Dott and Bourgeois's (1983, p. 1250) H-H-H type who 
suggested that their amalgamated HCS model (H-H-H) adequately explains 
SCS. In fact, SCS is a variant of HCS where swales are preferentially 
preserved along with a few convex-up hummocky surfaces or stratification 
(Walker et al., 1983, p. 1247; Duke, 1985, p. 171). 
The flat bedded-SCS or amalgamated HCS/SCS beds commonly occur in the 
upper parts of prograding stratigraphic sequences (Walker et al., 1983, p. 
1248) and SCS is generally thought to represent above fair weather wave base 
storm deposition on the shoreface (e.g. Leckie and Walker, 1982; Walker, 
1991). 
Fades III: SCS and rippled mudstone /siltstone assemblage 
In this fades, inconspicuous SCS beds with relatively planar contacts contain 
sparse, planar, discontinuous, laterally pinched-out mudstone-siltstone 
layers or discontinuous wisps of mudstone usually less than 1 cm thick but 
rarely to 5 cm thick. These muddy-silty intervals, when present, usually 
mark the contacts between the SCS sets, and they can be either rippled or 
non-rippled. The thinner ones are usually rippled and appear to be a weakly 
developed variant of flaser cross-bedding (Fig. 5.6-d). In an ideal situation, a 
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15 cm thick SCS bed having an erosive (amalgamated/welded) lower contact 
with the underlying SCS bed grades upward into mud flaser beds a couple of 
centimetres thick. Over the muddy flaser beds, rip-up mud clasts occur (Fig. 
5.6-d). These rip-up mud clasts are directly derived from the mud-ripple 
lamination draping the underlying SCS bed. Each SCS-rippled mudstone 
couplet is 10-20 cm thick. In addition, sometimes, wisps of mudstone drape 
the sandy swaley laminae near the top. 
This variety provides examples of amalgamated SCS beds where appreciable 
mud/ silt interbeds are not present. The inconspicuous nature of SCS is 
probably explained by the fact that " ... SCS beds weather very massive 
making structure difficult to see" (Walker, 1981, p. 26), especially in very 
lithic sandstone. This is further explained by the relatively homogeneous 
sand lacking significant mica and remarkably rapid deposition. 
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Although mudstone layers and burrows are generally believed to be atypical 
of the SCS association, they may rarely occur in such assemblage (Duke, 1985, 
p. 171). Thus, the rare presence of burrowsl and infrequent, very thin layers 
or wisps of mudstone in this facies association are consistent with the 
general mode of occurrence of SCS. The amalgamated SCS deposits indicate 
frequent storm event superposed on one another. 
The non-rippled mud-silt interbeds are deposits from suspension during 
post-storm periods. The rippled mud-silt interbeds indicate fair-weather 
reworking of settled suspended materials into rippled flaser beds. 
Fades IV: SCS and rippled mudstone/siltstone and coarse-grained storm 
bed assemblage 
This facies is characterized by alternating interbeds of SCS sandstone and 
conglomerate - non-graded, non-rippled and rippled. The sandstone and 
granule-pebble conglomerate layers have sharp contacts with each other, 
being 6-12 cm and 2-10 cm thick respectively. Flaser bedding is occasionally 
present, which, along with the overlying SCS bed, may contain burrows or 
soft sediment deformation structures. Figure 5.6-e shows a typical example 
of this facies. 
The conglomeratic ripples are termed 'coarse-grained ripples' (sensu, Leckie, 
1988) that have a wave length of 36 cm, a height of about 6 cm and the ripple 
crests are generally oriented in north-northeasterly to northerly direction. 
These ripples might have been originally deposited as ice-rafted clast layers 
and later reworked by storm processes, as interpreted for gravel ripples from 
the Early Permian southern Sydney Basin sequences (Eyles et al., 1997). 
The non-rippled conglomeratic layers are planar or slightly inclined and 
commonly thin out laterally to single-grain diameter thick layers before 
pinching out into the adjacent sandstone body. 
The conglomerate beds - rippled and non-rippled - being associated with SCS 
and having sharp bases are regarded to be storm beds, which might have 
been originally deposited as ice-rafted clast layers and/ or from submarine 
gravity flows. Especially pointed out are the coarse-grained ripples that are 
1 However, burrows making up several ichnofacies are abundant elsewhere in the Broughton 
Formation (see Chapter 2). 
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formed on a coarse-grained substrate similar to the conditions favouring 
HCS on a fine-grained substrate (Cheel and Leckie, 1992, p. 934). Their 
association with HCS is mentioned by several other authors (e.g. Duke, 1985; 
Leckie, 1988; Leckie and Walker, 1982; Sarni and Desrochers, 1992). Overall, 
the SCS and coarse-grained storm beds association suggests deposition from 
offshore directed, storm-generated combined flows (Cheel and Leckie, 1992). 
But contrary to a second phase of shoaling swell, directed onshore, as the 
transport mode for a transgressive coarse-grained storm bed sequence (Cheel 
and Leckie, 1992), the coarse-grained deposits in this assemblage do not have 
any unidirectional palaeoflow indicator. 
This fades is not a dominant one in the Fades Association SSCS. Therefore, 
the thin and sparse conglomerate beds should not be used to elucidate a 
shoreface position as suggested by Leithold and Bourgeois (1984, cited by 
Cheel and Leckie, 1992, p. 940-941), especially because of the possibility of 
their ice-rafted origin. However, burrows, sparse, very thin rippled 
mudstone layers (flaser bedding) and planar to subplanar, generally thin 
conglomeratic beds appear to suggest a low-gradient, outer shoreface 
environment. 
Fades V: SCS and planar cross-bed assemblage 
Angle of repose cross-bedding found in association with SCS in the upper 
part of the sequence (Fig. 5.6-f) indicates fair-weather current reworking of 
SCS beds (Walker, 1981, p. 27). An alternative interpretation favours nearly 
shore-normal, offshore-directed storm relaxation currents that may be 
locally very intense on the upper shoreface (Duke, 1990). Such currents may 
form subaqueous bedforms (e.g. sand waves) with the angle of repose cross 
beds representing laterally accreting avalanche faces. Subsequent storm 
events juxtaposed SCS beds against the bedforms and superposed SCS beds 
on it. This interpretation is supported by the generally northwesterly 
directed palaeocurrent indicated by these cross-beds. 
Fades VI: SCS/low-angle cross-stratification and abundant ripple 
lamination assemblage 
This facies shows that the frequency and thickness of sandy wave ripple 
lamination, accompanied by ill-defined SCS or low-angle cross-stratification, 
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increase upward (Fig. 5.6-g) grading into significant asymmetric (?) wave-
ripple cross-lamination near the top of the sequence. 
Very patchy occurrences of this assemblage do not. permit a complete 
interpretation. One scenario depicts wave-dominated, upper 
shoreface/ foreshore environments being subjected to storm events 
producing ill-defined swale/hummock surfaces succeeded by SCS 
deposition. An alternative interpretation also favours a fair-weather wave 
dominated foreshore deposition punctuated by storms sweeping the 
foreshore but then, low-angle cross-stratification (possible swash/beach 
stratification, Harms et al., 1982 p. 7-7, 7-8) is formed instead of SCS from 
waning storms or from normal fair-weather activities. However, in any case, 
an evolution of the depositional setting farther into realm of foreshore 
conditions is inferred. 
Interpretation of other features 
Evident is a 'megaclast' which upon coming to rest partially sank through 
the underlying pebbly diamictite layer and in the process, depressed it (see 
Fig. 5.5, stage D). This is similar to a phenomenon in the early Miocene 
Parnell Grits in northern New Zealand which was interpreted to have been 
transported by submarine gravity flows (Ballance and Gregory, 1991, fig. 11). 
However, it is uncertain whether such megaclasts were rolled down the 
submarine volcanic slope or they were ice-rafted. Iceberg-rafted clasts are 
reported to have produced similar effects in the early Permian southern 
Sydney Basin sequences (Eyles et al., 1997). There is certainly a strong case for 
ice-rafting of large clasts (dropstone/lonestone) occurring sporadically 
throughout the Facies Association SSCS. 
The preservation of independently occurring fresh feldspar grains in the 
SCS laminae and large latite boulders with included similar feldspar crystals 
indicate rapid deposition characterized by little reworking in a volcanically 
influenced depositional environment (see Fig. 5.6-a). It also might have 
been aided by a cold climate. The feldspar grains may represent reworked 
tuff suggesting contemporaneous volcanism,- as Veevers et al. (1994a, citing 
,.., 
M _:,cDonnell, 1983) suggested for such occurrences elsewhere in the coastal 
outcrops of the Sydney Basin. 
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Discussion 
This study identifies and interprets various aspects of SCS/HCS deposition 
in a latite-dominated setting from the upper Broughton Formation (Sobhan 
et al., 1993). Predominant SCS, rare burrows, and thin and sparse mudstone-
siltstone interbeds (Facies III and IV) point to a storm dominated 
middle/upper shoreface environment. The return to normal weather 
conditions after the passing of each storm event is indicated by reworking of 
sediments into ripples or flaser lamination (as present in almost all fades) 
and also, by mud-silt interbeds formed by settling from suspension (Rice, 
1984, p. 158). Sandstone flat beds (Fades II), planar to subplanar mudstone-
siltstone and coarse-grained interbeds (Fades III and IV), the latter without 
any lenticularity, further suggest the shoreface to have a low-gradient slope. 
Farther up,·SCS beds with angle of repose cross-stratification (Fades V) and 
the increasing bulk of probable asymmetric wave ripple lamination along 
with ill-defined SCS or probable beach/ swash cross-stratification (Fades VI) 
indicate that the sequence had prograded to the point where nearshore 
deposits with fair-weather sedimentary structures were preserved. 
In general, it is indicated that storm wave activities with an east-west 
oscillatory movement frequently approached a north-northeasterly to 
northerly oriented palaeoshoreline as evidenced by SCS and associated 
ripple crests in Facies I and IV and storm relaxation angle of repose cross-
beds in Fades V. Also, this fades association with its constituent SCS 
associations, reflect a progressive shallowing up from deeper water upper 
shoreface to foreshore condition. Proximal, rapid and at least partly land-
derived, volcanically influenced sedimentation is indicated. 
5.2.4 Summary and Conclusion 
Tables 5.1 and 5.2 summarize the descriptive and interpretive aspects of the 
constituent fades and facies associations of the INVES outcrop. See Figure 
5.5 which conceptually portrays the evolution of the INVES facies 
associations. 
This study indicates proximal, at least partly land-sourced, aggradational 
shallow marine sedimentation characterized by debris flow, ice-rafting and 
storm- and wave-dominated sedimentary processes being active on a north-
northeasterly to northerly oriented shoreface dipping to the west (Sobhan et 
al., 1993). This shoreface was founded on a submarine volcanic slope. 
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Table 5.1: Constituent Lithofacies of the Fades Associations 'Lavas and Hyaloclastite' and 'Submarine Debris Flow/Ice-rafted 
Deposits' 
Fades definition Thickness Geometry Interpretation 
(cm) A. 2-dimensional 
B. Probable 3-dimensional 
Dbm: Matrix-supported (fine-medium 20-102 poorly defined, Debris flows I ice-rafted, 
sandstone) bouldery diamictite; non-graded; A. trapezoidal (?) mainly filling the lows of 
planar or undulatory non-scoured base B. tabular-wedge undulating submarine 
volcanic terrain 
Dpm: Matrix-supported (fine-medium sandstone) 24-35 A. rectangular Resedimented debris flow, at 
pebbly diamictite; rounded to subangular clasts, B. discontinuous sheet ; least partly land-sourced; 
reversely- and non-graded; fossil wood 7-10 °, NW westerly dipping 
fragments; fossil bivalve; gradational base 
Lh: phenocryst-rich basalt lavas and crude to close 20- 270 A. crudely triangular (?) lavas and in-situ hyaloclastite 
jig-saw fit of breccias; base unexposed B. wedge 
Ls: submarine lavas; undifferentiated contact not unknown Submarine lavas -
exposed generalized. 
Lsp: submarine pillow lavas; base unexposed 130 - 170 A. crudely rectangular with submarine pillow lavas 
slightly undulatory top 
B. unknown 
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Table 5.2: Fades Associations in the INVES outcrop 
Description and interpretation Basal (b) and upper (u) 
bounding surfaces 
LH: Lavas and Hyaloclastite; Facies Ls forms the foundation I b = unexposed 
and is overlain by Facies Lh and Lsp u =strongly undulatory, 
conformable with SDF /ID 
-' 
:;., 
Geometry (probable) and 
scale 
Inclined, tabular-wedge; >29 
m long; dipping to the west 
SDF/ID: Submarine Debris Flow /Ice-rafted Debris 
consisting of Facies Dpm and Dbm; smooths out the 
westerly dipping depositional slope with a gradient of 3°-4°; 
at least partly land-sourced 
b = undulatory, non-scoured; I Irregularly bottomed blanket; 
u =planar, sharp 40 - 150 cm thick; >45 m long 
SSCS: Swaley Cross-Stratified Sandstone Assemblage. SCS 
with symmetrical wave ripples near the base grading 
upward into SCS with weakly developed flaser bedding to 
b =planar, may be sharp or 
obscured in the 
homogeneous lithology in 
SCS with angle of repose cross-beds, and probable low-angle I the contact zone; 
cross-stratification with asymmetric wave ripple u =unknown or eroded 
lamination indicate progressive shallowing up: from upper 
shoreface to foreshore condition. Proximal, rapid and at 
least partly land-derived sedimentation 
Unknown, 
Thick, tabular or sheet-like 
(speculated); >45 m in lateral 
extent; preserved thickness 
at least 4.1 m. 
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5.3 DEPOSITIONAL STUDIES OF ILRL Y2 OUTCROP 
This volcaniclastic Broughton Formation sequence is characterized by sharp-
based, flat bedded, fossiliferous sandstone-siltstone facies. The vertical facies 
log is shown in Fig. 8.3 (Chapter 8). 
Sharp-based, planar, thin to medium bedded very fine-grained sandstone 
beds in the lower part contain fossils (e.g. brachiopods - Sulciplica and 
Ingellarella - and molluscs), pockets of subrounded volcanic granules and 
pebbles and rare latite boulders (lonestones). In many places, relatively 
unbroken fossils, some of them being articulated shells, are concentrated in 
poorly sorted, polymodal gravel lags at or near the base of a bed (Fig. 5.7). 
These flat beds are laterally persistent, and it is uncertain whether these beds 
were originally deposited as HCS because weathering has obscured the 
internal structures of these beds. They grade upward into moderately 
bioturbated, thinly bedded, very fine-grained sandstone and siltstone with 
occasional thin mudstone partings. Thus, overall a thinning- and fining-
upward sequence is recognized. Fig. 12 shows an example. 
In nearby outcrops, this facies shows a close repetitive association with very 
thinly to thinly bedded, laterally persistent planar beds of intercalated 
sandstone/ siltstone and fissile mudstone. 
The lower parts of ILRL Y2 location are interpreted as BP or BPH part of 
Walker et al.'s (1983, p. 1245; Duke, 1985, p. 169-170) storm bed sequence of 
BPHFXM. 
Among the various features of storm layers - e.g. sharp-based beds, 
polymodal bioclastic lags, fining-upward graded beds, escape traces and 
upper intervals of bioturbated mudstone - bioclastic lags with sharp basal 
contacts are more commonly cited (e.g. Aigner, 1985, Driese et al., 1991, Jones 
and Desrochers, 1992, Sarni and Desrochers, 1992). Articulated shells in these 
basal lags are a very important biostratinomic evidence for storm 
emplacement as shells transported from their life position during storm are 
rapidly buried under sediments transported by storm processes (Jones and 
Desrochers, 1992, Sarni and Desrochers, 1992). Thus, there are little 
opportunity for postmortem breakdown by biological and physical processes. 
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Relatively short distance, storm-induced transport processes aided by quick 
dissipation of the storm energy are interpreted. Laterally persistent flat beds, 
fine grained sands and association with bioturbated siltstone and mudstone 
intervals probably indicate a relatively quiet (other than during storm 
events), low-gradient depositional slope like the offshore areas. 
5.4 DEPOSITIONAL STUDIES OF SFWYl OUTCROP 
Carr (1982) referred to extensive road-cutting providing access to additional 
information (e.g. excavation of a 30m deep cutting through the western 
flank of the Flagstaff Hill by NSW Dept of Main Roads). This is the Southern 
Freeway (F6) cutting in Kembla Grange referred to in Hutton et al. (1990b, pp. 
Bl 22-23). A generalized stratigraphic column of this cutting is given in 
Figure 8.3 (Chapter 8), which is based on the very brief references in Carr 
(1982) and Hutton et al. (1990b) and the author's reconnaissance survey of 
the area. Detail examination of this exposure could not be done because of its 
inaccessibi f itJ. 
Carr (1982, p. 292) described a 3 m thick sandstone succession on top of the 
Dapto Latite Member containing abundant feldspar crystals and usually 
rounded igneous rock fragments, the latter being concentrated into 
particular horizons. Hutton et al. (1990b) referred to it as a 3-4 m thick flat 
bedded sandstone with clasts of the Dapto Latite Member. It is, in fact, a 
swaley cross-stratified sandstone fades (Fig. 5.8). This is overlain by about 1 
m thick volcanic conglomerate horizon. It is, in turn, overlain by trough 
cross-bedded sandstone with abundant plant fossils. 
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OUTCROP STUDIES OF THE PHEASANTS 
NEST FORMATION 
6.1 INTRODUCTION 
Section 1.2.2 contains an introduction to the outcrops of the Pheasants Nest 
Formation including their locations (see Fig. 1.7). The outcrops analyzed 
and interpreted herein are: 
Sections 6.2-6.6: UNRLYl, UNRLY2, UNRLY4, UNRLY5 and UNRLY7 
locations, respectively (progressively younger sections from east to west in 
the order listed). 
Section 6.7: references to the northern outcrops. 
6.2 DEPOSITIONAL ARCHITECTURE OF UNRL Yl LOCATION 
6.2.1 Introduction 
Stratigraphically, UNRLYl lies slightly above the Pheasants Nest-Broughton 
Formations boundary which is examined in Chapter 8. 
The study of UNRL Yl location is important not only because it helps in the 
recognition of major palaeoenvironments and alluvial styles represented by 
the Pheasants Nest Formation, it also shows the use of architectural 
element studies on less-than-ideal outcrops, advocates a more practical 
bounding surface hierarchy and introduces new architectural elements. 
UNRLYl consists of laterally juxtaposed outcrops with a total thickness of 
14.5 m. The vertical profile of UNRLYl consists of the following three 
major segments from base up (Fig. 6.1) which are referred to as segments 1, 2 
and 3 throughout the text. 
(1) A basal 6 m thick predominantly trough cross-bedded sandstone. 
(2) About 2.5 m thick flat bedded/low-angle cross-stratified sandstone. 
(3) A 6 m thick flat bedded/low-angle cross-stratified mudstone and minor 
sandstone rich in plant fossils. 
The weathered outcrop did not permit lateral profile analysis of the entire 
UNRLYl location. Since the lower and upper segments (segments 1 and 3, 
respectively) contain relatively better quality outcrop, they have been 
selected for detail analysis. 
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UNRL Yl-Segment 1 is about 110 m long and 6 m thick and is oriented at 
070°. Although it is basically a 2-dimensional outcrop with certain 3-
dimensional views in the middle part, this exposure offers opportunity for a 
reasonably good estimation of bounding surface characterization, 
relationship between lithofacies assemblages, palaeocurrent information 
and internal and external geometry\ Thus, architectural element 
designation is justified for this outcrop. 
The blasting marks have considerably masked the sedimentary features of 
this outcrop but the lower 1-3 m section is still usable for lateral profile 
analysis (albeit with much difficulty) unlike the upper 3 m weathered 
section which is unsuitable for lateral profiling. Consequently, the detailed 
studies of the lateral profile concern only the lower 1-3 m of this segment of 
UNRL Yl. The interpretive line drawing from the photomosaic of the lateral 
profile of the Segment 1, along with an important section of the 
photomosaic, are illustrated in Figure 6.2. 
The weathered segment 2 offers only a very limited scope for facies 
description and interpretation. 
The architectural study of segment 3 is constrained by the poor quality of the 
outcrop. A relatively better preserved portion of this outcrop has been 
selected for lateral profiling which is believed to be representative of this 
otherwise weathered exposure. This is a rectangular patch of the outcrop 
face offering a 2-dimensional view of about 30 (20xl.5) m2 (Fig. 6.3). 
The following study of UNRL Yl consists of examination of its three 
segments, their synthesis and development of a depositional model. 
6.2.1.1 Note on Palaeocurrent Measurement from Trough Cross-bedding 
in Two-dimensional Outcrops (Segment 1) 
UNRLYl-Segment 1 is dominantly composed of trough cross-beds and it 
classically manifests problems of palaeocurrent measurement from trough 
cross beds in a two-dimensional vertical sections oriented at an angle to the 
palaeoflow. 
Longitudinal sections of trough cross-beds are difficult to distinguish from 
planar cross-beds (especially planar wedge cross-beds) unless transverse 
sections or plan views are also seen (e.g. Harms et al., 1982, p. 3-9; Lindholm, 
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1987, p. 17). The problem with UNRLYl is that such views are not 
obtainable in most parts of the outcrop. The exact nature of slightly curved 
but unidirectional dipping inclined, planar strata, as seen in the eastern half 
of UNRLYl-Segment 1, appears to be uncertain. But detail examination 
along the entire outcrop confirmed that these are trough cross-beds. 
Thus UNRLYl-Segment 1 is representative of certain two-dimensional 
outcrops oriented to the palaeocurrent trend in such a manner that 
particular limbs of the majority of trough cross-beds have a similar apparent 
dips preferentially exposed. The 070° orientation of this section is neither 
longitudinal nor normal to dominant palaeoflow which is angled into the 
outcrop in a southwest direction. In such preferentially oriented 2-
dimensional outcrops, taking measurement of all dipping strata with a view 
to get an average palaeocurrent direction might be seriously misleading. 
Here lies the danger in such an artificially skewed data set. 
Because of this reason, although note has been taken on the general attitude 
of the dipping limbs of trough cross-beds on the two-dimensional outcrops, 
their actual detailed measurement has been ignored. A concerted attempt 
has been made to locate trough axes on the two-dimensional outcrops and 
rare 3-dimensional exposures of troughs. Although they are far fewer, they 
are a more reliable palaeoflow indicator. 
6.2.2 Characterization of Bounding Surfaces 
6.2.2.1 Introduction 
The characterization of bounding surfaces, facies description and 
interpretation are difficult to separate as their intimate relationships require 
simultaneous interpretive analysis involving all these criteria. Without 
this, a meaningful definition of depositional form cannot be achieved. For 
this reason, quite a few references to bounding surfaces have been made in 
describing and interpreting fades in the succeeding sections. 
The hierarchial ordering of bounding surfaces in UNRLYl lateral profiles 
follows Miall's (1988b, 1991, 1992b) scheme as a guide but adopts certain 
important modifications. 
In order to avoid obfuscation of the line-drawing with an array of numbers 
and terms, not all lower order bounding surfaces (0th - 2nd) are represented 
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on the line drawing. However, a section of the outcrop is magnified to 
illustrate these lower-order bounding surface hierarchies. 
The bounding surface hierarchy of UNRL Yl lateral profiles (Figs 6.2 and 6.3) 
is described below. 
6.2.2.2 Bounding Surface Hierarchy 
Zero order bounding surfaces 
They represent lamination surfaces. For instance, lamination m trough 
cross-beds and in flat beds or fine-grained bands. 
First order bounding surfaces 
They are cross-bed set, low-angle cross-strata and flat bed bounding surfaces. 
Second order bounding surfaces 
They occur in segment 1 only (Fig. 6.2) and represent co-set bounding 
surfaces of cross-beds. These surfaces record changes in flow strengths and 
minor changes in flow direction. 
Third order bounding surfaces 
These are sub-planar to inclined erosional bounding surfaces truncating 
underlying stratification at a low angle and have similar fades above and 
below these surfaces. Having the above common characteristics, the 3rd 
order bounding surfaces occurring in segments 1 and 3 (Figs 6.2 and 6.3) 
show different features as noted below. 
Third order bounding surfaces in segment 1 (Fig. 6.2) 
The 3rd order bounding surfaces are a series of easterly to southeasterly 
dipping surfaces in the eastern part of the outcrop (Fig. 6.2-a). In the central 
part (Fig. 6.2-b ), they are not apparent. In the western part (Fig. 6.2-c), some 
are easterly dipping, and a few are sub-horizontal or westerly dipping (with 
a very low angle of inclination). The angle of inclination varies between 4° 
to 21°, mostly 8° to 12°. The exposed length ranges from less than 1 m to 
more than 5 m. 
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The 3rd order bounding surfaces in the eastern part dip at a high angle to 
the dominant palaeoflow indicated by the trough cross-beds. In some places, 
fine-grained bands occur on top of these surfaces and are plant-debris-rich 
and laminated. 
The 3rd order bounding surfaces, with angles of inclination varying 
between 5° to 20° in the direction of accretion (Miall, 1992b, p. 120), are 
interpreted as accretionary surfaces, each representing general accretionary 
trend of a macroform in time and space. 
Third order bounding surfaces in segment 3 (Fig. 6.3) 
They have low angles of dip in opposing directions, wherein southeast 
dipping surfaces are truncated by the northwest dipping ones. Having 
similar facies above and below a specific 3rd order bounding surface, these 
surfaces generally indicate discrete flow-stage changes without any 
significant changes in depositional style or bedform orientation within a 
macro form. 
Third order bounding surfaces in both segments 1 and 3 are called 
reactivation surfaces (sensu Collinson, 1970). 
Fourth order bounding surfaces 
The present study, while retaining the macroform-top aspect of 4th order 
bounding surfaces of Miall (e.g. 1988b, 1991, 1992b), advocates a revision of 
these surfaces distinguishing the basal scour surfaces of minor channels as 
follows. 
Two types of fourth order bounding surfaces with equivalent ranking have 
been recognized in UNRLYl: an erosional fourth order bounding surface 
indicating the bottom of a scour-fill element, and an accretionary fourth 
order bounding surface representing the top of a macroform or scour-fill 
element (minor channel-fill; modified after Decelles et al., 1991, p. 582). 
These are abbreviated as 4th(e) and 4th(a) order bounding surfaces, 
respectively. Distinction between these two types of 4th order bounding 
surfaces has received very little attention, yet it plays a very significant role 
in the reconstruction of alluvial architecture, especially that of an _alluvial 
fan as demonstrated in this study. This is why a detail discussion of these 
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two types of 4th order bounding surfaces is given below as they occur in 
segments 1 and 3 of the UNRLYl location (Figs 6.2 and 6.3, respectively). 
Erosional fourth order bounding surfaces 
A number of shallow, concave-up, linear features in 2-dimension sharply 
truncate the underlying stratification and are inferred as scours using 
probable 3-dimensional terms. They are ranked as 4th(e) order bounding 
surfaces and are interpreted as basal scour surfaces of minor channels 
occurring within and on top of the macroform in segment 1 (Fig. 6.2) and in 
the floodplain deposits of segment 3 (Fig. 6.3). 
Fourth order (erosional) bounding surface in segment 1 (Fig. 6.2) 
While the majority of these 4th(e) order bounding surfaces occurring near 
the top of the macroform are truncated by the 4th(a) order bounding surface 
of the macroform top, some truncate the 4th(a) order bounding surface 
itself. 
The width and scour-depth shown by these 4th(e) order bounding surfaces 
range from 2.5-8.8 m and 20-35 cm respectively. 
A probable scour-depth of about 1 m was noted in the western part of the 
outcrop (Fig. 6.2-c) but its entire width could not be measured because the 
continuity of the 4th(e) order bounding surface cannot be traced. The scour 
might have veered into the outcrop or its farther tracing on the outcrop face 
has been obscured by the rigors of rock blasting. In any case, the author 
diligently avoided extrapolating lines to make them complete, where in 
reality they might be non-existent. 
Fourth order (erosional) bounding surface in segment 3 (Fig. 6.3) 
In this section, the 4th(e) bounding surface illustrates a scour 15 m wide and 
1 m deep. 
Accretionary Fourth order bounding surfaces 
These are the upper bounding surfaces of a macroform (e.g. a lateral or 
down-stream accretion macroform) or scour-fill elements which are 
generally flat with slightly convex-up portions. 
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A 4th(a) order bounding surface generally truncates the underlying bedding 
(Fig. 6.2) or is roughly parallel to it (Fig. 6.3). It may also truncate the upper 
edges of 4th(e) order bounding surfaces, as in segment 1 (Fig. 6.2), and may 
mark the top of the scour-fill deposits as seen in both segments 1 and 3 (Figs 
6.2 and 6.3). In a few places, it is truncated by 4th(e) bounding surfaces 
indicating scouring of macroform top by channels (Fig. 6.2-c). In one area, 
the 4th(a) bounding surface of the macroform top is planed off and this part 
of the macroform top shows evidence of channelization (Fig. 6.2-b). Taken 
together, 4th(a) and 4th(e) order bounding surfaces define the overall 
convex-up top of the macroform in UNRL Yl-segment 1, which has an 
exposed length of about 100 m and generally dips to either the west or east. 
Fine-grained bands, a few cm to 14 cm thick, overlie the 4th(a) order 
bounding surface - the bands being laminated with carbonaceous materials 
and show internal stacking pattern of wedges (described in the preceding 
section). 
Logic for 4th(e) and 4th(a) order bounding surfaces: a review 
As demonstrated in the line drawing (Fig. 6.2), three possibilities exist for 
the mutual relationship between these two surfaces: 
(1) the 4th(a) order bounding surface truncates the upper edges of the 4th(e) 
bounding surfaces when the scour occurs just below a macroform top 
surface; 
(2) the 4th(e) order bounding surfaces truncate the 4th(a) order bounding 
surface on a macroform top; or 
(3) when neither of the bounding surfaces truncates each other, such as a 
scour occurring wholly within the body of a macroform. 
A detail discussion of the relationship between the bottom bounding surface 
of a scour I minor channel and the top bounding surface of a macro form is 
warranted in view of certain discrepancies apparent in various papers by 
Miall (1985; 1988b) and in the interest of understanding and proper method 
of conveying the depositional processes involved. 
Miall (1985, p. 46) regarded the base of a minor channel (e.g. bar-top channel 
or chute channel) as a 2nd order bounding surface. In a later paper he (Miall, 
1988b, p. 686) advocated " ... a second type of fourth-order surface: the basal 
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scour surface of minor channels, such as chute channels". It means, the 
above designation of 4th order bounding surface is in addition to its widely 
used macroform-top 4th order surface characterization. Several paragraphs 
later, in the same paper Miall (1988b, p. 686) said, " ... minor surfaces may 
change rank laterally. For example, the upper fourth-order bounding surface 
of a macroform may merge into a second-order surface in the floor of an 
adjacent channel". 
The above clearly manifests a contradiction. Also, the characterization of a 
basal scour of minor channel as either a 4th or 2nd order surface is 
untenable as explained below. 
Macroforms such as downstream accretion macroforms (DA) or lateral 
accretion macroforms (LA) can form complex alluvial depositional units of 
great significance and, as in large river systems, can be of very large 
dimensions. A DA or an LA is usually a macrofrom containing mesoform 
elements within it - the top and bottom of such a macroform are bounded 
by higher order surfaces (4th or 5th). A minor channel-fill may rest on top of 
a macroform with its lower bounding surface truncating, in places, the 4th 
order bounding surface of the macroform-top. In isolated areas, where this 
4th order surface is eroded by scouring of channels, it should be recognized 
as such. It should also be recognized when small-scale channels dissect the 
main body of a macroform. Assigning the same order of bounding surface 
(4th) to an intra-macroform channel and to the top surface of the 
macroform, is not in accordance with the basic principle of bounding surface 
hierarchy construction. The line drawing of UNRL YI-segment 1 (Fig. 6.2) 
illustrates this point. 
Regarding the assignment of a 2nd order bounding surface to the basal scour 
surface of minor channel, it contravenes the criterion for recognition of 
bounding surface hierarchy and thus, the hierarchy itself as follows: " ... a 
surface of any given order may be truncated by a surface of equal or higher 
order, but not by one of lower order" (Miall, 1988b, p. 686). As shown in 
segment 1 above, the basal scour surface of intra-macroform channel and 
macroform-top channel truncates a 3rd order bounding surface as well as 
the 4th order bounding surface of macroform-top. Therefore, the basal scour 
surface of a minor channel can not be assigned a 2nd order bounding surface 
rank; a rank higher than 3rd order surfaces is justified for it. 
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The basal surface of a minor channel may scour part of a macroform top 4th 
order surface and in other places, it may be truncated by the 4th order 
surface, where this surface may maintain its continuity over the channel-fill 
top. This and the above enunciation of three possible relationships between 
the basal scour surface of a minor channel and the upper bounding surface 
of a macroform suggest that an equivalent ranking of these two surfaces 
would provide a meaningful solution. This would distinguish one from the 
other in process-response terms and, at the same time, would satisfy the 
working principle of bounding surface hierarchy. 
6.2.3 Fades Description and Interpretation of UNRLYl-Segment 1 
6.2.3.1 Fades Sta: Trough Cross-stratified Sandstone Assemblage, and 
Subfacies Ste: Trough/Eta Cross-stratified Sandstone 
UNRL YI-Segment 1 is overwhelmingly composed of trough cross-stratified 
fine- to medium-grained sandstone fades and associated features. Set 
thickness ranges from 15-70 cm, mostly 40-70 cm. Individual strata within a 
set range from 5-24 cm. In some cases, basal troughs are internally graded 
with lamination scale or very thinly bedded diffuse stratification of very 
coarse sand/small pebbles alternating with fine/medium sand. Wood 
fragments occur sporadically throughout but are more concentrated in some 
basal trough strata. 
Interestingly, a partially exposed/preserved megaripple in 2-d is present in 
the middle part of the outcrop (see Fig. 6.2-b ). 
Internally, a series of 3rd, together with 4th(e) and 2nd order bounding 
surfaces characterize this fades. Externally, a 4th(a) order bounding surface 
defines the top of a macroform, which in places is interrupted by minor 
4th(e) order bounding surfaces. 
The thickness and lateral extent of this fades are roughly equivalent to 
those of the outcrop, i.e. about 3 m thick and 110 m long. 
Since the whole series of stacked cross-bedded sandstone sets constitute the 
macroform in this outcrop, its geometry corresponds to the overall 
geometry of the macroform. However, between the series of 3rd order 
bounding surfaces occurring in eastern part of this outcrop, the cross-
bedded sandstone appears to have a down-lapping rectangular geometry 
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(probable wedge in 3-dimensions). In places, where this facies has a 4th(e) 
order lower bounding surface (scour bottom), the geometry appears to be a 
crudely plano-convex lens or a rectangle in 2-dimensions. 
Broadly, Facies Sta is interpreted to have been formed by migration of 3-
dimensional megaripples or dunes (e.g. Miall, 1982, p.11; Collinson and 
Thompson, 1989, p. 78; Reineck and Singh, 1980, p. 17, 39-43; Harms et al. 
1982, p. 3-19). Reineck and Singh (1980, p. 17) suggested that further 
differentiation of 3-d dunes (undulatory or lunate) is difficult and probably 
impossible in 2-d outcrops. Occurrence of a megaripple outline in part, seen 
to be undulatory in linear motif, is a rare phenomenon in ancient rocks 
because of their susceptibility to erosion and poor preservation potential 
(Reineck and Singh, 1980, p. 41) . 
Subfacies Ste: TrougWEta Cross-stratified Sandstone 
This is a constituent subfacies of Fades Sta. 
In addition to trough cross-stratified sandstone, some of the scours are filled 
by successive strata parallel to the 4th(e) bounding surface of the scour 
bottom. Miall (1982) referred to eta cross-stratification of Allen (1963) to 
describe this kind of structure. There is no discernible grain-size difference 
between the scour-fill and host sediments. 
The cross-bedded sandstone of this fades is regarded as a scour-filling 
sediment. Minor channels cut into a bigger depositional form incrementally 
constructed by migrating 3-dimensional megaripples. They were, in turn, 
filled up by migrating 3-dimensional megaripples forming trough cross-beds 
or by rapid deposition through eta cross-stratification. Such fluvial 
scours I channels and their fill are common on flu vial sand bars and alluvial 
fans (Reineck and Singh, 1980, p. 71). 
Fine-grained bands associated with Fades Sta 
In some places, Facies Sta is associated with laminated fine-grained 
carbonaceous bands of varying lengths and thicknesses that demarcate a 
limited number of 1st to 4th order bounding surfaces. They are of two types: 
shorter, subplanar and thinner bands and longer, sub-planar to inclined, 
thicker bands. Generally, they are composed of carbonaceous muddy 
siltstone, very fine-grained sandstone and minor mudstone, poorly sorted 
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fine- to medium-grained sandstone and assorted carbonaceous particulates. 
Carbonaceous lamination and fossil leaves on partings are common. 
The shorter bands pinch out laterally and are about 40 cm-2 m long and 
centimetres to a few decimetres thick. In some cases, they demarcate cross-
bed set boundaries (1st order bounding surface) but more commonly occur 
on 2nd order bounding surfaces of cross-bed cosets, although most 1st to 3rd 
order bounding surfaces lack any bands. The rarity of the shorter bands 
indicates that most of them were eroded with the onset of the next 
sedimentary processes depositing the succeeding cross-bedding. 
The longer bands are either sub-planar or inclined at an angle of 4°-21° and 
are conformable with the 3rd and 4th(a) order bounding surfaces. Although 
they are rare on 3rd order accretionary bounding surfaces, they are most 
common on the 4th(a) order bounding surfaces on top of the macroform. 
The longer 4th(a) order-associated band is discontinuous and generally 
overlies the macroform. It is a few meters to 14 m long (the length of 
individual segments of the band) and has a variable thickness from a few 
centimetres to 20 cm. Internally, the strata within the bands are laminated to 
very thinly bedded. In addition to its constituent carbonaceous stratification 
and plant debris, this band also shows intertonguing stacking pattern of 
broad, shallow troughs and wedges producing planar stratification style in 
broad perspective. The width and depth of these troughs range from 2-5 cm 
and 80-140 cm respectively. 
6.2.4 Architectural Elements of UNRLYl-Segment 1 
6.2.4.1 Introduction to Macroform Complex: LA, SF and ISB 
The architectural elements recognized in UNRLY1-segment 1 are 
interpreted in light of information given in the two preceding sections. 
UNRL Y1-segment 1, as a whole represents a large, complex macroform that 
contains features characteristic of lateral accretion (LA) deposits, scour-fill 
(SF) and independent sandy bedform (ISB) elements. 
The characteristic facies is a trough cross-bedded sandstone assemblage (Sta) 
- the overwhelmingly dominant facies assemblage in UNRL Y1-segment 1. 
The cross-beds are interpreted to have been formed by migrating fields of 3-d 
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megaripples (dune-fields). There are 3 modes of occurrence of these 
megaripples: 
(1) lateral accretion surface-bound megaripple fields (within LA); 
(2) scour-bound megaripple fields (within SF); and 
(3) independent megaripple fields (ISB). 
Internally, a series of 3rd order bounding surfaces (accretionary surfaces) and 
some 4th(e) order surface (basal scour surfaces of minor channels) 
characterize this macroform. Externally, a roughly convex-up upper 
bounding surface of the macroform is jointly defined by 4th(a) and 4th(e) 
order surfaces that dip on either side to the west and east. This defines a 
macroform which has an exposed length and thickness of about 100 m and 
1-3 m, respectively. The lower bounding surface is unexposed. 
6.2.4.2 Element LA: Lateral Accretion Macroform 
The 3rd order bounding surfaces mark a series of southeasterly to easterly 
dipping accretionary surfaces upon which fields of 3-dimensional 
megaripples migrated to the southeast and southwest as sandy bedforms 
with a probable geometry of a stacked series of downlapping sheets. In the 
eastern part of the macroform, a series of 3rd order bounding surfaces are 
projected at an angle from the 4th(a) order surface in an en-echelon fashion. 
These represent reactivation/ accretionary surfaces of a macroform at any 
point in time and space. Genetically related facies assemblages (cross-bed 
sets) with similar orientation and extension of internal bounding surfaces 
(e.g. 3rd order surfaces) from the top of an element to the bottom indicating 
lateral, oblique or downcurrent accretion are distinctive characteristics of a 
macroform (Miall, 1988a, p. 249). The divergence between the dip of the 
majority of the accretionary surfaces (southeast) in the eastern part of the 
outcrop and the dominant palaeoflow direction (southwest) is more than 
60°. Thus, this macroform can be regarded as a lateral accretion macroform 
(Miall, 1993) in its eastern part. 
6.2.4.3 Element SF: Scour-fill 
This element occurs throughout the macroform but is prevalent m the 
central and western parts of segment 1. 
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For the dimensions and geometry of this element, the reader is referred back 
to the 4th(e) order surface, the basal scour surface of this element. 
There are 4 possible depositional niches of the Element SF in the context of 
its relation with the macroform made apparent by 4th(e) and 4th(a) order 
bounding surfaces. Most of these have already been explained. Below is 
given a summary of these 4 possible scenarios. 
(1) When a scour-fill element occurs within a macroform, its upper 
bounding surface may be a relatively flat 3rd order surface echoing the 
4th(a) order surface of the macroform-top (Fig. 6.2-c). 
(2) Near the top of the macroform, the 4th(a) order surface truncates the 
upper edges of the 4th(e) order lower bounding surface of SF and planes 
off the top of the Element SF, thus, the 4th(a) order surface defines both 
the top of constituent Element SF and the macroform itself (Figs 6.2-a, b 
and c). 
(3) Element SF sits on top of the macroform, thus, its base (4th(e) order 
surface) defines the top of the macroform (western part of Fig. 6.2-c). But 
the upper bounding surface is not seen (weathered or obscured in the 
upper part of the outcrop above the macroform-top and beyond the 
scope of lateral profile analysis). 
(4) Major point of channelization within the body of macroform erodes off 
the 4th( a) order upper bounding surface of the macroform (Fig. 6.2-b ). 
Thus, while the lower 4th(e) order bounding surface of Element SF is 
seen, the upper one is not apparent for the same reason mentioned in 
point 3. 
This element is filled with Fades Sta and Subfacies Ste. From time to time, 
minor channels are cut into the macroform constructed by accreting fields of 
3-d megaripples. These scours were, in turn, filled up by either rapid 
deposition forming eta cross-stratification or, more commonly, by migrating 
3-d megaripples forming trough cross-stratification, or both. 
6.2.4.4 Element ISB: Independent Sandy Bedforms 
In the middle and western parts of this outcrop (Figs 6.2-b and c), some 
trough cross-bedded sets and cosets of Fades Sta cannot be reliably and 
directly linked to 3rd and 4th(e) order bounding surfaces of Elements LA 
and SF, respectively. This could be due to either limited exposure or 
erosional removal of these bounding surfaces. The interpreted constituent 
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facies assemblage of all elements are fields of megaripples - which are, of 
course, sandy bedforms. But there is a line of distinction: whereas the sandy 
bedforms in LA and SF are restricted to inclined accretion surfaces (3rd order 
surfaces) and scour channels (4th-e order surfaces), respectively, the sandy 
bedforms in question do not show any such bounding surface relation. 
These bedforms are thus designated as independent sandy bedform 
elements. The published literature on fluvial architectural elements does 
not draw this distinction. The importance of distinguishing independent 
sandy bedform migration, for example, on the floor of a large channel or on 
a broadly confined or unconfined sheetflood-prone low-gradient 
depositional slope, from DA-, LA- or small channel-bound sandy bedform 
migration is obvious. In the present case, Element ISB appears to be part of a 
major depositional surface (channel?) aggradation process, where the ISB 
provided the foundation or nucleus of the macroform complex that 
eventually came into being. However, a note of caution is introduced: 
because of lack of defining bounding surfaces, the above interpretation can 
not be confirmed. Other possibilities are: The ISB being contiguous to other 
larger elements, it could be part of Elements LA or SF. The major hindrance 
in way of a confirmative interpretation of ISB is limited exposure condition. 
In any case, it is a constituent element of the macroform complex and 
available field relations tentatively favour this to be independent bedform 
(3-d megaripples) migration on the depositional surface that formed the 
nucleus of a macroform complex. 
6.2.5 Summary of UNRL YI-Segment 1 Depositional Processes 
Reference: Fig. 6.2 
Element ISB in the middle and western parts of the outcrop apparently 
formed the nucleus of this macroform complex through independent 
megaripple migration on the floor of the depositional slope. Subsequently, 
the growth of this macroform was largely through northeasterly to easterly 
lateral accretion, as evident by the dominant Element LA macroform and 
the majority of similarly dipping 3rd order bounding surfaces present 
throughout the outcrop. A complementary contribution was through small-
scale channels dissecting the various parts of this macroform complex and 
their fills (Element SF). 
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The 3 m thick weathered upper part of the UNRL Yl-segment 1 also has 
cross-bedded sandstone. It is possible that this represents another 
macroform-storey built on the macroform interpreted above. 
6.2.6 Facies Description and Interpretation of UNRL YI-Segment 2 
This 2.5 m thick segment overlies segment 1 and consists of a single facies 
(Fig. 6.1), which is described and interpreted below. 
6.2.6.1 Facies Slaf: Low-angle Cross-stratified and Flat Bedded Sandstone 
The characteristic features of this facies are: flat bedded, low-angle cross-
stratified muddy very fine- to fine-grained or fine- to medium-grained 
sandstone with minor coarse-grained sand and in places, basal granular-
pebbley layers (UNRLY2 and UNRLY4 locations); very thinly to thinly 
bedded with diffuse lamination in some places; carbonaceous laminae and 
cross-laminae are common in some places; sparse plant fossils in the lower 
part; plant fossils and mud increase upward if the upper unit is Facies Fcf or 
Flaf; sharp lower contact. A pictorial illustration is given in Section 6.4.3 
(UNRLY4 location). 
The margins of this facies are not exposed in the 2-dimensional outcrops. It 
is speculated that the thick and laterally extensive flat and low-angle cross-
stratified deposits have a probable sheet-like geometry in 3-dimensions. 
Regarding the depositional processes, sudden onrush of flow (sheetflow?) 
with the sharp-based flat beds representing upper plane beds, followed by 
waning stage, are interpreted. Advancing sheetflow is characterized by 
upper flow regime conditions and both upper plane beds and low-angle 
cross-stratification may form under upper flow regime conditions or at its 
threshold (Sobhan, 1985). It is also possible that these were formed by 
vertical aggradation of 2-dimensional bedforms with low heights. Miall and 
Turner-Peterson (1989) indicated that this assemblage of sedimentary 
structures is indicative of rapid flow, probably transitional to upper flow 
regime conditions in ephemeral streams or streams with periodic stage 
fluctuations and can form on downstream accreted sandflat. 
Facies Slaf is interpreted as sheetflood deposits on the top of the macroform 
complex of segment 1. Evidence for subaerial exposures (e.g. desiccation 
cracks) might have been destroyed by weathering. 
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A subfacies of low-angle cross-stratified sandstone (Sla) forming within 
shallow scours is seen in UNRLY4 location (Section 6.4). 
6.2.7 Fades Description and Interpretation of UNRLYl-Segment 3 
6.2.7.1 Fades Fcf: Flat Bedded and Laminated Carbonaceous Fine-Grained 
Rocks 
The characteristic features of this facies are: interbedded carbonaceous 
mudstone, siltstone and minor muddy fine-grained sandstone; abundant 
carbonaceous plant fragments and some petrified wood; ripple laminated 
and flat bedded (Fig. 6.3). Because of lack of sufficient unweathered 
exposure, the dimensions and geometry of this facies can not be ascertained. 
It is interpreted as floodplain deposits. Evidence for subaerial exposure in a 
floodplain (e.g. desiccation cracks) might have been destroyed by weathering 
including soil forming processes. 
6.2.7.2 Fades Flaf: Low-angle Cross-Stratified and Flat Bedded Fine-Grained 
Rocks 
The characteristic features of this facies are: mudstone interbedded with 
minor very fine-grained sandstone; flat bedded (laminated to very thinly 
bedded) and low-angle cross-stratified/ epsilon cross-bedded; abundant plant 
fossil remains throughout; sparse burrows; weathered and fissile (Fig. 6.3). 
This facies is also interpreted as floodplain deposits like Facies Fcf. But a 
different depositional niche and processes are indicated for this facies, when 
it is examined in the context of its architecture, bounding surface nature and 
relations with Facies Fcf. This is detailed in the following section. 
6.2.8 Architectural Elements of UNRL Yl Segment 3 
6.2.8.1 Introduction 
Facies Fcf is the predominant facies in this segment, which encloses 
characteristic bounding surface hierarchies (see section 62.2.2) and Facies 
Flaf in this part. The external bounding surface of this- predominant facies is 
not seen. Therefore, no definitive depositional form can be suggested for 
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the Facies association Fcf and Flaf, contrary to what is ideally expected of a 
classic architectural element analysis. However, from the nature of 
constituent features (flat bedding and abundant carbonaceous materials, 
etc.), facies association and from many similar examples, inferences about 
the depositional setting can still be made. It is stressed that the focus of this 
excercise is to deduce the relationship between the two facies of UNRLYl-
segment 3 and to define an important subenvironment under the 
limitation imposed by the nature of the outcrop. 
6.2.8.2 Element SF: Scour-fill 
This element is entirely composed of Facies Flaf and is almost enclosed by 
Facies Fcf. 
A 4th(e) order surface sharply truncating Facies Fcf forms the basal 
bounding surface of this element which is a hollow in 2-dimensions and a 
scour surface in probable 3-dimensions. Crudely triangular-shaped, mainly 
low-angle cross-stratified lithosomes (wedge in probable 3-dimensions) of 
Facies Flaf, extend over the bottom scour surface from opposite sides of the 
4th(e) order surface in the west and east. The third order bounding surfaces, 
projected onto the scour-base at an angle, mark the accretion/reactivation 
surface of these depositional wedges. The western wedge with its upper 3rd 
order accretionary bounding surface onlaps the eastern wedge. Then, the 
scour is progressively filled by conformable flat bedded deposits. The upper 
4th(a) order bounding surface of this element is remarkably flat and is 
generally parallel to the underlying flat beds except its truncation of the 
lower western wedge near its upper edge. Thus, the external geometry of 
scour-fill element defined by lower 4th(e) and upper 4th(a) order bounding 
surfaces has a width and depth of about 15 m and 1 m respectively. 
Definitive determination of the original dip of bounding surfaces from a 2-
dimensional outcrop having fine-grained, partially weathered, fissile rocks 
are problematic. In interpreting the element, this limitation should be kept 
in mind. 
Apparent dip of the 1st and 3rd order surfaces of the western and eastern 
wedges is opposed to each other. Considering this, the stacked sets of low-
angle cross-beds of Facies Flaf in the above two wedges may be regarded as 
inclined beds (Reineck and Singh, 1980, p. 104) or epsilon cross-beds 
(Collinson and Thompson, 1989, p. 85) dipping in opposite directions, and 
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they are, in turn, gradationally overlain by flat bedded sediments. A 
probable interpretation is that these units, including the opposing 
relationship of packages of inclined cross-beds, indicate meandering 
channel deposition (Reineck and Singh, 1980, p. 104) - perhaps a low-energy, 
very low-gradient channel on a floodplain. Abundance of flat bedding and 
fine-grained deposits favor such interpretation. An important criterion for 
the identification of epsilon cross-beds, superimposed flow-parallel small-
scale bedforms (Collinson and Thompson, 1989, p. 85), might have been 
destroyed or obscured by intense weathering including soil forming 
processes. It is true that the epsilon cross-beds or lateral accretion wedges 
interpretation is not infallible because of lack of confirmed original dip of 
the bounding surfaces and palaeoflow indicators. Nevertheless, there is no 
strong evidence against it or in support of alternative interpretations - a 
range of which can always be postulated. In any case, a scour-based channel 
origin for this element is quite evident and meandering channel deposition 
is also supported by other factors as mentioned above. 
The internal architecture of the scour-fill element recognized in this 
outcrop suggests a small-scale, moderate- to high-sinuosity (meandering) 
channel-fill sedimentation wherein the epsilon cross-beds represent lateral 
accretion deposits (point bar). Although the roughly north-south oriented 
channel axis might appear to follow the dominant palaeoflow pattern to the 
south (segment 1), the sinuosity and size of this single floodplain channel 
and lack of sufficient data suggest caution in interpreting palaeoflow 
direction from it. 
6.2.9 Summary of UNRL Yl-Segments 2 and 3 Depositional Processes 
Reference: Sections 6.2.6-6.2.8. 
Dominance of flat bedded and low-angle cross-stratified deposits and 
associated features in Fades Slaf (segment 2) and in Facies Flaf and Fcf in 
segment 3 suggests continued influence of sheetflood-prone, low-gradient 
and generally unconfined depositional slope. 
While Facies Slaf (segment 2) represents proximal sheetflood and sandy 
splays onto interchannel areas, Fades Fcf and Flaf (segment 3), being fine-
grained and more carbonaceous, indicate a distal, quieter setting. Element 
scour-fills are distal crevasse channel-fills with respect to their more 
proximal counterparts represented by Fades Slaf. 
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Predominant carbonaceous muddy strata totally enclosing subordinate 
scour-fill elements indicates a quiet period of distal interchannel/ flood basin 
deposition punctuated by episodic flood events which introduced sandy 
materials into the interchannel areas through crevassing. Such materials 
also reached distal portions of such crevasse channels. The above study 
(especially the limited lateral profile of segment 3) is an attempt to 
understand an important subenvironment represented by the Element SF 
in an otherwise homogeneous floodplain depositional fades represented by 
Fades Fcf. 
6.3 DEPOSITIONAL EVOLUTION OF LATITE-BEARING SEQUENCES IN 
UNRLY2 LOCATION 
6.3.1 Introduction 
The investigation of UNRLY2 location consists of two parts: first, a detail 
description and interpretation of an east-west trending lateral profile 390 m 
long, and second, a study of the vertical fades transitions starting from the 
youngest lithology of the lateral profile representing exposures (stretching 
for about 180 m) immediately to the west of this profile. The first is 
significant because it provides a unique opportunity to observe and 
interpret a latite member of the Pheasants Nest Formation (Berkeley Latite 
Member) and the latite's gross field relations with the sediments. The 
second is important because this offers sparse outcrop examples of some 
commonly occurring, fine-grained borehole fades and fades associations 
which are readily weathered and removed by erosion. Together, this study 
provides insight into a very substantial section of laterally juxtaposed 
outcrop sections stretching for about 0.6 km. 
The lateral profile of UNRLY2 location is a 390 m long railway cutting 
which has vegetation growth and storm-water drains on its face producing 
patchy, two-dimensional outcrops (Fig. 6.4). It is bounded by retaining 
structures on the east and thickly vegetated, weathered exposures on the 
west. 
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6.3.2 Fades Description and Interpretation from the Lateral Profile 
Reference: Fig. 6.4 
6.3.2.1 Fades Fb: Fine-grained Band 
This facies (Fig. 6.5) is characterized by: intercalated wedges/troughs (in 
probable 3-dimensional form) of fissile, laminated dark gray carbonaceous 
mudstone (formed at the lower part), medium to thick bedded yellowish 
brown mudstone including plant fragments and minor, laminated 
yellowish brown very fine-grained sandstone; the troughs are 14 - 20 m wide 
and 20 - 60 cm deep and mainly occur in the thicker mudstone layer; the 
band is 70-110 cm thick with an attitude: 5° to 260°-280°; inferring a 
continuity in the unexposed intermediate sections, the band is estimated to 
be 240 m long. 
Introduction of fine-grained distal splays onto the floodplain and ponded 
conditions accumulating mud or overbank flooding are interpreted for 
Facies Fb. 
The internal structure of this facies is similar to the Facies Rooted Fine-
grained Bands (Fbr) encountered in UNRLY4 location. For detail description 
and interpretation of the structure, and comparison between the two facies, 
see UNRLY4 location, Section 6.4. 
6.3.2.2 Fades GSpa: Diffusely Planar Cross-stratified Conglomerate and 
Sandstone Assemblage and its Subfades 
This facies is characterized by a package of diffusely planar cross-laminated 
conglomerate alternating with sandstone. 
Conglomeratic medium- to coarse-grained sandstone and sandy granule-
pebble conglomerate have large-scale, diffusely planar cross-laminae (set 
thickness: 15-40 cm) either abutting against a wavy, scoured bottom contact 
or conformably rest above the lower sandy interval without any obvious 
contact (Fig. 6.6-a). The top-set layer (?) is a conformable 10-20 cm thick, very 
fine- to medium-grained sandstone with or without a basal single-grain 
train of granules and pebbles with no obvious sharp contacL The length of 
these packages is 1-2 m. Characteristically poorly sorted and matrix-
supported conglomerate with rounded to subangular vesicular basaltic 
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clasts are seen in the basal division of Fades GSpa in UNRLY2 location (Fig. 
6.6-b). 
Subfades Gp: Planar Cross-stratified Conglomerate, and 
Subfades Sp: Planar Cross-stratified Sandstone 
In a few places, where planar laminated conglomerate or sandstone occur 
alone, these are assigned Subfacies designation of Gp and Sp respectively. 
Interpretation of GSpa, Gp and Sp: 
Fades GSpa and Subfacies Gp and Sp are interpreted as aggrading fields of 2-
dimensional dunes (Miall, 1992a). A remarkable pulsating mode of 
deposition is indicated by the graded packages of conglomerates and 
sandstones characteristic of Fades GSpa (Collinson and Thompson, 1989). 
The shorter fine-grained bands representing co-set boundaries (2nd order 
boundary) indicates superimposed lamination or ripple lamination during 
the falling flow stages. 
6.3.2.3 Fades Sx: Cross-stratified Sandstone, and 
Fades Gx: Cross-stratified Conglomerate 
Cross-bedded very fine- to medium-grained sandstone with subordinate 
coarse- and very coarse-grained sands and sparse plant fragments constitute 
Facies Sx (Fig. 6.7). The nature of the cross-bedding is uncertain, mainly 
because of poor outcrop conditions. Therefore, in broad terms, 2- or 3-
dimensional sandy bedforms produced by bedload transport in lower flow 
regime conditions are interpreted. 
Gx is the conglomeratic counterpart of Fades Sx and is similarly interpreted. 
6.3.2.4 Fades V: Volcanic Flow 
The features of this pale green or grayish green basaltic fades (Fig. 6.8) and 
their interpretation are given below. 
A two-dimensional vertical section (Fig. 6.8-a) reveals the smooth, billowy 
outline of a lava lobe resting on the lava-sediment interface and is 
interpreted as a pahoehoe toe, the rare preservation of which was facilitated 
by its burial under other similar flow units (Cas and Wright, 1988, fig. 4.5 h 
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and p. 67). The apparent ropy surface of pahoehoe flows is also seen (Fig. 6.8-
b ). The advance of less mobile pahoehoe flows by individual protrusion of 
bulbous 'toes' of lava" is evident in Figure 6.8-a and an apparent caterpiller-
track type motion of a composite, larger lava flow is silhouetted in Figure 
6.8-c. The gently undulating bottom contact probably conforms with the 
caterpillar-track motion of viscous flows over the mudstone layer shearing 
the muddy layer in the process without any significant fluidization (Fig. 6.8-
a) other than a few very localized, ruptures of the muddy layer (Fig. 6.8-d). 
The upper contact of the lavas with the overlying mudstone band is marked 
by discontinuous laminae with apparent glassy materials (Fig. 6.8-a). 
Vesicles are significantly present, but not in abundance, and some appear to 
be flow parallel near the lava's margin (Fig. 6.8-d). Brecciated lava 
fragments, apparent caterpiller-track type motion of lava lobes (Fig. 6.8-c) 
and some flow-parallel vesicles (Fig. 6.8-d) may be taken as indicating aa 
lavas. However, large chunks of abundant auto-brecciated lava are not 
present and a limited number of flow-parallel vesicles are not enough to 
prove aa lavas. This may indicate a transitional lava flow type approaching 
pahoehoe lavas rather than pure aa flows. Because, more importantly, there 
is no evidence of the spinose texture or highly jagged flow-fronts and 
crenulated form characteristic of aa lavas. 
Evidence clearly indicates this basaltic mass to be subaerial lava flows either 
a transitional type between pahoehoe and aa lavas (approaching to the 
former) or more likely, pahoehoe lavas with its toes and lobes. While 
pahoehoe lavas are generally very fluid and gas-rich (20-50% vesicles), they 
also form from viscous, denser magma (<20% vesicles) at low effusion rates 
where they are issued from tubes several kilometres from the vent and 
form pahoehoe toes and lobes (Cas and Wright, 1987; Swanson, 1973). 
Important characteristics like overlapping lava lobes (Fig. 6.8-a) and lack of 
abundant vesicles support this latter interpretation. 
The sheared mudstone layer in the lower boundary zone and absence of any 
evidence for significant fluidization further suggest that this flow moved 
over the cohesive floodplain mud with limited water saturation. 
The thickness varies from 3 - 4 m in the east to less than 60 cm to the west 
with an estimated lateral extension of at least 148 m (inferring a continuity 
in the unexposed intermediate sections) (Fig. 6.4). The evidence for 
westward palaeolava flow is indicated by the lava toes (e.g. Fig. 6.8-a and -c) 
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and pahoehoe ropes (Fig. 6.8-b) and is supplemented by the thinning of lava 
flows and the dip of subjacent floodplain horizon (Facies Fb ). 
6.3.3 Depositional History from the Studies of Lateral Profile 
Reference: Fig. 6.4 and based on Section 6.3.2. 
The UNRLY2 location (see Fig. 1.7) was initially dominated by aggradational 
bedload movement (Sx) producing multi-storey sandy bedforms (as 
mentioned in Section 6.3.2.3, further interpretation is not possible due to 
poor outcrop conditions). It was followed by an overbank environment 
represented by Facies Fb (segments 1-3, Figure 6.4). The area became a distal 
interchannel setting which received intermittent floods depositing drifted 
plant particles and fine sediments accumulating in the floodplain 
depressions. Then the westerly-flowing pahoehoe lavas moved over the 
shallow, subaqueous interchannel depositional slope. The pahoehoe toes 
and lobes were probably formed from viscous, less mobile magmas issued 
from tubes several kilometres from the vent(s). 
The thinnest part of the pahoehoe lavas ( 60 cm) in this area represents toes 
of its flow where it laterally passes into sandstone and is overlain by a 
discontinuous layer of muds tone (Facies Fb ). The latter, in turn, is 
succeeded by sandstone (segment 3 of Figure 6.4). Inadequate outcrop, 
especially highly weathered rocks (most appear to be sandy) above Facies Fb 
is a hindrance to a fuller interpretation. In general, field relations suggest 
that the lava flows and mudstone facies on the east laterally grade into 
sandstone and conglomerate to the west. The original depositional 
continuity of the upper mudstone band to the west is not evident. 
However, a similar mudstone band (Fades Fb) emerges from the eastern 
margin of the exposed portion of segment 4 and wedges out into the main 
conglomeratic body (not shown in Fig. 6.4). An intertonguing relationship 
of conglomerate, and wedges of cross-bedded (trough?) sandstone and Facies 
Fb exists in this part. Thus, it appears that the conglomeratic and sandy 
sequence represent in-channel deposits in the west, whereas the mudstone 
bands and associated sandstone suggest an interchannel floodplain to the 
east. The volcanic flow, with its toe toward the west, occurred on the 
sloping depositional gradient of the interchannel setting (westerly dipping 
bounding surface of lower Facies Fb) in the east. The conglomeratic 
lithosome consists of Facies GSpa and apparent trough and low-angle cross-
stratified conglomerate and sandstone and is referred to as a fades 
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assemblage of GSpa, Gx and Sx. Convex-up bounding surfaces contained 
within this lithosome near the western margin of this lateral profile 
indicate remnants of braid-bar(?) surfaces with localized palaeoflow to the 
northwest and north. 
In the absence of palaeocurrent data, especially from the pre-eruptive lower 
sandy Facies Sx and from the sandstones contiguous to the flow (Fig. 6.4), 
and lacking enough information on facies architecture and major bounding 
surface characters, it is neither possible to reconstruct an accurate history of 
the palaeodrainage evolution nor to confirm the author's speculation that 
the lava flows might have plugged the pre-existing channel causing the 
gravelly stream flow to veer off around the obstacle caused by the lava. 
However, considering the lateral profile trends (the interpretation 
presented above), the conglomerate's upward transition to very fine-
grained sandstone (see below) and the fact that the conglomerate contains 
basaltic clasts (including vesicular clasts) of similar composition to the 
volcanic flow, it is interpreted that these rocks represent post-eruption, 
gravelly bedload channels lying in the vicinity of the lavas. 
6.3.4 Vertical Fades Transitions to Fine-Grained Rocks 
The vertical facies successions (Fig. 6.9) measured from outcrops 
immediately to the west of the lateral profile show the following facies 
transitions from base up starting with the cross-stratified conglomeratic 
lithosome (Facies GSpa, Gx and Sx ) described and interpreted in the 
preceding section. It is overlain by very fine-grained sandstone with diffuse 
lamination in the lower part grading upward into Laminated and Cross-
laminated Carbonaceous Sandstone and Fine-grained Rocks (Facies SFcl) 
typically seen in the borehole sequences (Fig. 6.10; given in the preceding 
plate)l. Facies SFc;l, in turn, is gradationally overlain by a thick deposit of 
Flat Bedded and Laminated Carbonaceous Fine-Grained Rocks (Facies Fcf; 
defined in Section 6.2) featuring predominant mudstone and minor 
sandstone containing abundant plant fossil materials, including 
Glossopteris, that form partings, laminae and irregular pockets (Fig. 6.11; 
given in the preceding plate). This is similar to Facies Fe (Carbonaceous 
Fine-grained Rocks) commonly encountered in the borehole sequences. 
Farther up, Facies Fcf is overlain by Low-angle Cross-stratified and Flat 
Bedded Sandstone (Facies Slaf; defined in Section 6.2). In places, it includes 
pockets of lag conglomerate and basal trains of few- to several-grains thick 
1 Borecore facies are described and interpreted in Chapter 3 and summarized in Appendix 2.2. 
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conglomerates that are very similar to Fades Slaf found in the lower part of 
UNRLY4 location. As UNRLY2 outcrop is very weathered and patchy, the 
reader is referred to UNRLY4 location for an illustration (Section 6.4). 
Sporadic fossilized logs and latitic clasts as large as 7 cm are also seen. Fades 
Slaf is succeeded by another round of Fades Fcf at the uppermost part of the 
cliff. 
Facies SFcl, Fcf and Slaf could be traced along remarkably parallel 
subhorizontal bedding contacts, discontinued in places by interspersed 
vegetation and regolith cover, over 150 m suggesting a broad expanse of an 
interchannel setting. 
The vertical profile is interpreted to reflect the evolution of gravelly 
bedload streams (GSpa) to interchannel settings where splay deposits (Fades 
SFcl) progressively gave into swampy conditions (Fades Fe). This was then 
punctuated by proximal sandy sheetflood environments (Slaf) before 
another episode of swampy conditions (Fe) prevailed in the area. The 
successions probably reflect the common cycles of fades Ssma, SFcl, and Fe 
seen in the borehole sequences. 
6.4 DEPOSITIONAL ARCHITECTURE OF UNRLY4 LOCATION 
6.4.1 Introduction 
Location UNRLY4 on the Unanderra-Mossvale Railway track consists of 
about 130 m of laterally juxtaposed outcrops with a total thickness of about 
8.5 m (see Fig. 1.7). This study concerns lateral profile analysis of the rock 
exposures oriented at 060° on the northern side of the track. This allowed 
recognition of vertical fades successions and, based on these, reconstruction 
of the depositional history. Although the opposite face of the outcrop on the 
southern side of the track is highly weathered and unsuitable for detail 
fades studies, features of interests have been searched for on this outcrop 
face to interpret features on the northern face. 
This is basically a two-dimensional outcrop with weathering, blasting marks 
and vegetation cover limiting the outcrop quality for detailed fades and 
architectural studies. Because of these reasons, types of cross-beds, 1st to 3rd 
order bounding surfaces and their dips, and relationships of these surfaces 
with enclosed fades are difficult to determine. Further, the limitations 
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mentioned in case of Location UNRLYl (Section 6.2) are also applicable to 
UNRLY4. 
The interpretive line drawing slices (Fig. 6.12-a, -b and -c) are derived from a 
photomosaic of about a 100 m long outcrop excluding an unexposed gap of 
about 6 m between slices b and c owing to a bridge span and about 25 m 
weathered outcrop behind a fence at the western end of Fig. 6.12-c that did 
not permit enough room for photography. Fig. 6.13 shows the vertical 
profile of UNRLY4 location. It is necessary to look at Figure 6.12 frequently 
while studying the following sections since the figure is not mentioned in 
the text in order to avoid repetition. 
6.4.2 Bounding Surface Hierarchy 
A detail discussion of bounding surface hierarchy, and methods and 
limitations of data presentation are given in Section 6.2 (UNRLYl Location), 
many of which are also applicable to the present study of UNRLY4 outcrop. 
A brief account of the bounding surface hierarchy of UNRL Y 4 location is 
given below. Except for the 5th order bounding surface, the rest are 
equivalent to those at the UNRLYl location (Section 6.2). 
First order: 
Cross-strata and flat bed bounding surfaces. 
Second order: 
Co-set bounding surfaces of cross-bed sets. 
Third order: 
Subplanar to inclined bounding surfaces with similar facies above and 
below these surfaces (accretionary or reactivation surfaces). 
Erosional fourth order: 
Concave-up bounding surfaces that truncate the underlying .stratification; 
interpreted as scour using probable 3-dimensional term. It is denoted as 
4th(e) order bounding surface. 
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Accretionary fourth order: 
Flat or convex-up upper bounding surface of a macroform or scour-fill 
element. It is denoted as 4th(a) order bounding surface. 
Fifth order: 
Flat to slightly concave upward base of major sand sheets marked by local 
cut-and-fill relief and basal lags (Miall, 1988b, p. 686). 
The undulatory upper bounding surface of vegetated and tree-growing 
Element Palaeosol Horizon (PH) and its lateral continuity into basal scour 
surfaces (4th-e order bounding surface) filled by lag gravels appears to be 
such a 5th order bounding surface. Major avulsive events and base of 
channel flows characteristic of 5th order surfaces (e.g. Miall, 1988b; 
Wizevitch, 1993) are indicated by the overlying Sandy Bedforms (SB) and 
probable Down-flow Accretion (Element DA) elements. Miall (1991, p. 8) 
listed palaeosols as a marker of his Group 7 deposits (bounded by 5th order 
surfaces) which require several thousands years to develop and up to ten 
thousand years to reach maturity. 
The exposed length of this generally westerly-dipping surface is about 40 
metres with an average dip of 6-8°. Considering a regional structural dip of 
about 5° to the west, the original depositional dip of the 5th order surface 
and the palaeosol horizon under it is estimated to be about 1-3°. Although 
its lateral continuity is unexposed, the evidence of vegetation growth, 
including large trees in growth position, and the significance of Element PH 
suggest that it is probably regionally extensive. Lacking any nearby lateral 
exposures of rocks deposited coevally, the complete scale of the 5th order 
bounding surface, which may extend many hundreds of metres across and 
along the depositional strike (e.g. Wizevitch, 1992) is not determinable. 
6.4.3 Fades Description and Interpretation 
6.4.3.1 Fades Fbr: Rooted Fine-Grained Band 
This facies has a laterally persistent fine-grained band internally consisting 
of planar I sub-planar stratification contained in inter-tonguing broad and 
shallow troughs or wedges. It is developed in the UNRLY4 location, 
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characteristically making up a palaeosol horizon, and is termed Element PH 
(Fig. 6.12-b and -c). For external dimension and orientation of this facies, see 
Element PH. 
The characteristics of this facies are (Figs 6.14 and 6.15): an upper portion 
consisting of intercalated wedges, about 5-30 cm thick, of structureless, very 
fine-grained ferruginized sandstone and a lower portion having 30-40 cm 
thick, internally laminated packages of very fine-grained sandstone and 
carbonaceous mudstone (the latter shows 2-5 cm thick alternating layers of 
laminated sandstone and mudstone); the uppermost layer in this band is a 
thin (less than a cm to 8 cm thick), highly fissile and iron-rich, carbonaceous 
mudstone layer with a sharp upper and lower contact; fossil trees in growth 
position are anchored in this band; plant fossil materials are common; 
elongated glass shards are seen in thin sections of very fine-grained 
sediments from this zone. 
The contact between the two layers of Facies Fbr is distinct and is 
distinguished by hardness and colour. The upper 5-30 cm layer is more 
ferruginized and as a result, much harder and more brownish than the 
lower 30-40 cm layer which are indicated in the line drawing as Fbr-I and 
Fbr-II respectively. As such, the former is also more weathered than the 
latter and is distinguished in having a series of trees growing on it, together 
with a thin zone of iron-rich carbonaceous materials. Fbr-II grades into 
Facies Slaf laterally to the east. 
This facies is interpreted as original deposits of ponded sheetfloods (splays) 
in the interchannel areas that had a soil profile superimposed on them. 
As scour-and-fill structures are common in crevasse splay deposits (Reineck 
and Singh, 1980, p. 292), the shallow and inter-tonguing scours in this facies 
were produced by waxing stages of advancing sheetflood pulses introduced 
into the interchannel areas. In this distal, low-energy, ponded sheetflood 
environment, sedimentation primarily occurred through deposition from 
suspension during still-stand conditions. Minor traction produced ripple 
lamination with glass shards attesting to occasional reworked ashfall debris 
in the interchannel areas. Similar to the phenomenon described by Reineck 
and Singh (1980, p. 291), falling vegetation in the depositional site or drifted 
plant materials from close proximity became concentrated in the ponded 
splays. Subsequently, with little or no sediment influx, the upper half of this 
zone gradually turned into a palaeosol horizon supporting vegetation 
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growth in the interchannel areas. Since the roots did not extend into the 
deeper horizons but appear to have extended laterally forming an apparent 
horizontal mat, stagnant conditions or a high water table are interpreted 
that promoted lateral root growths. The root traces established in Fbr-1 
probably acted as one of the major conduits for iron mobility and 
accumulation. Iron solution moved along bedding planes making the 
boundary between Fbr-1 and Fbr-11 apparent. A greater level of 
ferruginization and soil forming processes in upper layer (Fbr-1) than those 
in Fbr-11 (lower layer) also helped in the partial preservation of the laminae 
in the latter as opposed to the total destruction of the same in the former. 
Finally, as interpreted above, the internal characteristics of the palaeosol 
horizon indicate low-lying, poorly-drained vegetated conditions in the 
interchannel areas. 
Comparison between Fades Fbr and Fb: 
The internal structure of Fades Fbr is similar to Fades Fine-grained Bands 
(Fb) encountered in UNRL Y2 location (Section 6.3). However, rooted plant 
fossils are not seen in the limited extent of the accessible portion of Fades Fb 
and it is not as ferruginized as much of Fades Fbr. Fades Fbr has more 
sandstone than mudstone but Fades Fb is, by far, dominantly mudstone. 
While Facies Fbr is a significant tree-growing palaeosol horizon originally 
produced by sheetflood pulses onto interchannel areas, Facies Fb reflects a 
dominant ponded condition where mud accumulated. 
6.4.3.2 Fades Fcf: Flat Bedded and Laminated Carbonaceous Fine-Grained 
Rocks 
For detail, see equivalent fades at the UNRL Yl location (Section 6.2). It is 
interpreted as interchannel deposits. 
6.4.3.3 Fades Fla£: Low-Angle Cross-Stratified and Flat Bedded Fine-
Grained Rocks 
For detail of equivalent fades, see UNRL Yl location. It is interpreted as 
interchannel deposits. Architectural studies of UNRL Yl outcrop indicate 
these deposits to be minor scour-fills in the floodplains. 
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6.4.3.4 Fades Gia: Low-Angle Cross-Stratified Granule Conglomerate 
Low-angle cross-stratified granule and small pebble conglomerate is the 
coarse-grained counterpart of Subfades Sla of Fades Slaf (see below). It is 
similarly interpreted to be a scour-fill, which is clearly supported by a 
pronounced 4th(e) order bounding surface enclosing Fades Gla (Fig. 6.12-b). 
6.4.3.5 Fades GSpa: Diffusely Planar Cross-Stratified Conglomerate and 
Sandstone Assemblage and Subfades Gp and Sp 
Subfades Gp: Planar Cross-Stratified Conglomerate, and 
Subfades Sp: Planar Cross-Stratified Sandstone 
Fades GSpa and Subfades Gp and Sp are interpreted as aggrading fields of 
probable 2-dimensional dunes with remarkable pulsating modes of 
deposition indicated by Fades GSpa. For detail, see equivalent fades 
described in Section 6.3 (UNRLY2 location). 
6.4.3.6 Fades Gta: Trough Cross-Stratified Conglomerate Assemblage 
Trough cross-stratified granule and small pebble conglomerate is the coarse-
grained counterpart of Fades Sta (see below). It is interpreted as deposits of 
migrating curved-crested dunes (Bridge, 1993) that filled up a minor 
channel (Miall, 1992a). The channel boundary is clearly evident by a 
pronounced 4th(e) order bounding surface enclosing Fades Gta (Fig. 6.12-b). 
6.4.3.7 Fades Slaf: Low-Angle Cross-Stratified and Flat Bedded Sandstone 
and Subfades Sia 
For details of equivalent fades, see UNRLYl location (Section 6.2). In 
addition, pockets of lag conglomerate and laterally persistent basal trains 
(single- to several grains thick) of matrix-supported subrounded 
conglomerate are present in some places. An example of this fades and its 
relations with other fades are shown in Figure 6.16. This fades has been 
interpreted as sheetflow deposits. 
Subfades Sia: Low-Angle Cross-Stratified Sandstone (Sia) 
Sla is a subfacies of Fades Slaf without the flat bedded .component .. Subfades 
Sla has a crude 1-2 m long, wedge-shaped form (in probable 3-dimension) 
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extending from a minor channel-margin into the channel with sets 
abutting against scours (4th-e order bounding surface) or 3rd order 
bounding surfaces (Figs 6.12-b and 6.16). Facies Slaf grades into Subfacies Sla 
laterally. 
Subfacies Sla is interpreted to represent low-angle cross-beds filling scours 
(Miall, 1992a). The occasional hummocks in its profile suggest that it could 
also be humpback or washed-out dunes (Miall, 1992a). 
6.4.3.8 Fades Sta: Trough Cross-Stratified Sandstone Assemblage 
and Subfacies Ste 
It has the following common characteristics as seen in Fades Sta of UNRL Yl 
outcrop (see Section 6.2): trough cross-stratified fine- to medium- grained 
sandstone and associated features; set thickness ranges from 15-70 cm, 
mostly 40-70 cm; individual strata within a set ranges from 5-24 cm. In some 
cases, basal troughs are internally graded with laminae scale or very thinly 
bedded diffuse intercalation of very coarse sand/small pebbles versus 
fine/medium sand. Wood fragments occur sporadically throughout but are 
more concentrated in some basal trough strata. 
In the upper part of the UNRLY4 location, Facies Sta is very fine- to fine-
grained. Set and bed thickness also decrease forming small-scale trough 
cross-stratified and very thinly to thinly bedded sequences. Internally, some 
of these are laminated and cross-laminated with carbonaceous matter on the 
bedding planes. 
Broadly, fades Sta is interpreted to have been formed by migration of 3-
dimensional megaripples or dunes (e.g. Reineck and Singh, 1980, p. 17, 39-
43; Harms et al. 1982, p. 3-19; Miall, 1982, p.11; Collinson and Thompson, 
1989, p. 78) and in the upper part, 3-dimensional ripples. 
Subfacies Ste: Trough/Eta Cross-Stratified Sandstone 
Scour-fills marked by 3-dimensional megaripples forming trough cross-beds 
or by rapid deposition through eta cross-stratification have been interpreted. 
For details, see equivalent facies at UNRLYl location. 
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6.4.3.9 Fades Sx: Cross-Stratified Sandstone 
Cross-bedded very fine- to medium-grained sandstone, with subordinate 
coarse- and very coarse-grained sands; sparse plant fragments. 
Its nature of cross-bedding is uncertain mainly because of poor outcrop 
conditions. In any case, Facies Sx represents bedload transport in lower flow 
regime conditions producing some kind of 2- or 3-dimensional sandy 
bedforms. 
6.4.4 Architectural Elements 
The architectural elements recognized in UNRLY4 location are described 
and interpreted below. 
6.4.4.1 Element PH: Palaeosol Horizon 
This element is characterized by Facies Fbr. Externally, it is bounded by 4th 
and 5th order surfaces at its base and top, respectively. Fades Fbr, consisting 
of its two superposed layers, defines an horizon (elongated band) which is 
about 50 -70 cm thick with an exposed length of more than 35 m. Its original 
depositional dip is estimated to be 1-3° to the west with the upper contact 
having undulatory, locally scoured reliefs interpreted as a 5th order 
bounding surface (Fig. 6.12. band c). Regarding the contact between the two 
layers (Fbr-I and Fbr-II) of this element, iron mobility, related to an elevated 
water table, occurred along bedding planes accentuating the boundary 
between these layers. Since it roughly parallels the lower 4th(a) order and 
upper 5th order bounding surfaces, it is interpreted as an original 
accretionary surface. Therefore, a 3rd order rank has been assigned to it. 
As detailed in the fades interpretation, Element PH originated as a ponded 
sheetflood deposits in a distal interchannel setting, which, over time 
developed into a poorly-drained, low-lying, vegetated soil aided by shifting 
of the depositional locus away from the site. 
6.4.4.2 Element SF: Scour-fill 
Equivalent elements have been described in detail from the UNRL Yl 
location (Section 6.2), especially the bounding surface charaderization 
which will not be repeated here. The scours in this profile are fewer, but 
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they have gravelly deposits, are of larger dimensions and show more lateral 
accretion relations than those in the UNRL Yl profile. There are at least 
three SF elements that are briefly described below. 
Element SF-1 
This is a major scour-fill element which has a preserved width of at least 13 
m (Fig. 6.12-b ). The scour was filled with 3-dimensional northerly (355°) 
migrating gravelly dunes (Facies Gta) and northwesterly (285°-300°) 
migrating sandy dunes (Facies Sta) in its western and eastern parts, 
respectively. The 2nd/3rd order bounding surfaces from these two sides of 
the scour dip in opposing directions with the gravelly bedforms from the 
west appearing to onlap the sandy bedforms from the east. This indicates 
that the scour, in its lower part, was apparently filled by laterally accreting 
mesoforms, first attached to the eastern bank and then to the western bank 
as the flow shifted from a northwesterly to more northerly direction. The 
scour was progressively filled by conformable Facies Slaf which become 
more flat bedded farther up. 
The upper external bounding surface and the eastward continuation of the 
upper edges of the lower bounding surface (4th-e) are not shown. 
Nevertheless, it can be reasonably inferred that initially, this scour element 
was fairly large as indicated by the following: 
(1) extension of Facies Gt to the upper part of the outcrop where it has been 
removed by erosion and is truncated by SF-3 and the 5th order bounding 
surface; 
(2) apparent extension of Facies Sta from the deeper part of the scour farther 
to the east above a 4th order surface until the sedimentary facies can no 
longer be traced due to poor outcrop condition. 
The above suggests that this could also be a channel element (sensu Miall, 
1985). However, since no 5th order lower bounding surface could be 
ascertained within the limited scope provided by the outcrop, an element 
channel cannot be designated. 
Element SF-2 
Element SF-2 has a width and preserved depth of about 10 m and 80 cm, 
respectively (Figs 6.12-b and 6.16). It is primarily filled with fine-grained low-
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angle cross-stratified sandstone. It is either a side-channel of Element SF-1 or 
a crevasse channel. 
Element SF-3 
This lies right above SF-2 and contains primarily Facies Gla (Fig. 6.12-b). Its 
width and depth is about 6 m and 60 cm, respectively. Its lower bounding 
surface is a 4th(e) order surface which scoured the complete thickness of the 
Element Palaeosol Horizon (PH). This 4th(e) order bounding surface is a 
local segment of the much broader scale 5th order bounding surface 
representing the bottom of cut-and-fill structures on this surface. 
Palaeochannel flows 
Regarding palaeocurrent flows indicated by these scour channels, Elements 
SF-2 and SF-3 have approximate northwest-southeast scour-axes. They are 
also roughly parallel with the trough cross-bed axis in Element SF-1. 
Assuming that the only breach in the palaeosol horizon and channel 
evident in the opposite (southern) outcrop face is the continuation of SF-3 
element from the northern outcrop, an average channel flow towards 285° 
(northwest) is obtained. 
6.4.4.3 Element SB: Sandy Bedforms 
This occurs above the 5th order bounding surface and overlies Element PH 
(Fig. 6.12-b and -c). 
Internal bounding surface characters and palaeocurrent exhibited by this 
element are summarized below. Although the 2nd and 3rd order bounding 
surfaces are difficult to ascertain, the outline of a series of subhorizontal and 
inclined continuous and discontinuous surfaces, not obscured by 
weathering and blasting in the middle part and western half of the lateral 
profile, indicate a generally westerly dipping surface (Fig. 6.12-b and -c). 
Definite 3rd order surfaces have a spread from 250° to 285° (Fig. 6.12-c). The 
palaeocurrents measured from cross-beds vary between 240°-295° in the 
western half (Fig. 6.12-c), and between 255°-320° (Fig. 6.12-b) in the middle, 
with the more reliable data from trough cross-bed axes and the majority of 
the cross-beds being in the range of 285° -320°. 
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The facies assemblages contain Facies Sta, Sx and Gspa suggesting that the 
bedload transport, through northwesterly migrating 3- and 2-dimensional 
megaripples (sandy bedforms) was the prime depositional mode for the 
upper part of the UNRLY4 deposits. In the middle part and western half 
(Fig. 6.12-b and -c) of the study site, these bedforms are bounded by a stacked 
series of generally westerly and northwesterly dipping surfaces. Fields of 
megaripples appear to have aggraded with a probable geometry of a stacked 
series of downlapping sheets defined by these surfaces. These are informally 
called Element Sandy Bedforms (SB), which is the dominant depositional 
form in the middle and upper parts of UNRY 4 lateral and vertical profiles 
(Fig. 6.12-b and -c and Fig. 6.13). 
In the upper part of the UNRLY4 location, above a pronounced 3rd order 
bounding surface, Facies Sta becomes finer-grained, with thinner set and bed 
thickness than those below (Fig. 6.12-c), accompanied by internal 
carbonaceous laminae and cross-laminae. Progressive shallowing up of the 
depositional site in response to aggradation of sandy bedforms is indicated. 
6.4.4.4 Probable Element DA: Down-Flow Accretion Macroform 
The multi-storey Element SB probably comprise a large macroform 
complex. Since the upper external bounding surface is not present, 
establishing the type of a macroform is not possible. However, the 
divergence between the dip of the accretionary surfaces and the dominant 
palaeoflow direction appears to be within 60° or nearly so (see Element SB 
above). This implies a likely down-flow accretion (DA) macroform (Miall, 
1993). 
6.4.5 Fades Architecture of the Lowermost Lithosomes 
Architectural element studies of a section of the lateral profile cannot be 
undertaken because of data constraints, although a reasonable inference 
regarding its architecture can still be made based on facies studies, the 
presence of a few bounding surfaces and vertical and spatial relationships 
with certain architectural elements mentioned above. These oldest 
lithosomes in this location are: Fades Slaf and its coeval facies association of 
Sta and Gs pa. These are described and interpreted below. 
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6.4.5.1 Fades Slaf under Elements PH and SF: Interchannel Sheetflood (IS) 
Deposits 
The lowermost lithosome at the UNRLY4 location lies under Elements SF 
and PH (Figs 6.12-b and 6.16). Its lower bounding surface, lateral geometry 
and internal bounding surface organization are variously unexposed, 
unknown or obscured by poor outcrop quality. Only the upper bounding 
surface is known and has a broadly convex-up or flat form with intervening 
concave-up (scoured) outlines. It truncates lower order bounding surfaces 
below it, including bedding planes. Thus, it is inferred that this surface is a 
4th order surface combining both accretionary and erosional aspects. Under 
this surface, Facies Slaf is the predominant facies. Eastward, across the 4th(e) 
order surface of Element SF-1, minor Facies Sta are identified followed by a 
gap in data farther east. It appears that this partially exposed lithosome is 
part of a large sandy macroform(?) complex dominated by sheetflood 
deposits of flat beds and low-angle cross-beds. It is probably a sandflat or an 
older interchannel sheetflood complex adjacent to channelized(?) sandy 
dunefields to the east (see below). 
6.4.5.2 Fades Association Sta, Gspa: Aggrading Megaripples (AM) 
Associated with Scour-fill Element (SF) 
The lower part of the easternmost slice (Fig. 6.12-a) is laterally equivalent to 
Facies Slaf under Element PH. This portion has the Facies Association Sta 
and GSpa below discontinuous remnants of a very poorly preserved, 
apparent 4th order surface. Some kind of large-scale depositional form, 
consisting of 2- and 3-dimensiohal megaripples with generally northerly 
and westerly palaeoflows, is suggested. Its surface appears to have been 
scoured by localized scour-fill elements (SF) containing trough- and eta-
cross stratification (Facies Ste). 
6.4.6 Depositional Evolution 
In the easternmost part of the study site (Fig. 6.12-a), northerly and westerly 
mobile aggrading megaripple fields (AM) apparently constitute a large-scale 
depositional form of uncertain type. Its top used to be breached by scours 
which were again filled-up by trough (3-dimensional megaripples) or eta 
cross-stratification (like UNRLYl location). Although large-scale channel 
margins were not detected, it is likely that the mobile megaripples were, at 
least, broadly channelized following the same line of reasoning presented 
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for the UNRLYl location. Toward the west (Fig. 6.12-b), these aggrading 
megariples in the lower part were contiguous with a large sandy 
macroform(?) containing interchannel sheetflood (IS) deposits which make 
up the foundation lithosome at the UNRLY4 location. A significantly 
channelized flow deeply scoured (SF-1) and overtopped the prominent 4th 
order upper bounding surface of this interchannel sheetflood complex. 
This major scour (SF-1) was a centrepiece of the depositional site 
channelling gravels and sands through it and feeding the interchannel 
areas. It was filled with opposing lateral accretion deposits containing 
northwesterly and northerly migrating sandy and gravelly megaripples, 
respectively. Upward, the in-fill deposits became flatter as the scour 
shallowed up. 
A minor channel with greater width-depth ratio (SF-2) lies immediately to 
the west of the major scour (SF-1) on the older interchannel deposits. It 
appears to be a minor, side-channel of SF-1. However, more likely, it was a 
coeval distributary channel which fed the original ponded interchannel 
sheetflood deposits of Element PH. The lateral, westward continuation and 
gradation of the scour-filling Facies Sla into finer grained Facies Fbr, 
together with Fbr's horizontal, sheet-like spread away from the scour and its 
accumulation on a gently westerly sloping surface with local relief strongly 
suggest that SF-2 was a crevasse channel linked to SF-1 which supplied fine-
grained materials to the interchannel areas in the form of sheet-splays (Fbr). 
Advancing sheetflood pulses produced very broad, low-relief inter-tonguing 
scours on the vegetated interchannel areas and deposition took place from 
minor traction currents and ponded still-stand conditions (Fades Fbr). 
Similar inter-tongued scours (15-20 cm deep and 30-200 cm wide) have 
accumulated carbonaceous materials on the swampy lowland floodplains of 
South Westland, New Zealand (K. Woolfe, pers. communication, 1994). 
The influx of sediment became greatly reduced, perhaps by shifting the 
depositional locus (the distributaries) away from the study site. This allowed 
weathering to advance, soil to develop and even large trees to grow 
(Element PH and constituent Facies Fbr-I). By now, the area had evolved 
into low-lying, poorly drained swampy soil conditions. This was a 
significant period of non-deposition resulting in a marker horizon as soil 
requires several thousands years to develop and up to ten thousand years to 
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reach maturity (Miall, 1991, p. 8). As such, the soil was probably developed 
on a regional scale. 
Element PH with its bounding surface characters, constituent facies features 
and trees in growth position, is a very significant architectural unit in this 
depositional site because it is a crucial link in the cycles of some of the more 
typical Pheasants Nest Formation depositional events, and it explains the 
phenomenon of commonly occurring trees and plant debris seen in the 
sandy deposits of the Pheasants Nest Formation outcrops and some 
boreholes. 
The return of the depositional locus was signalled by a deep scouring of the 
palaeosol horizon in the middle part of the site and accumulation of gravels 
within the scour (Element SF-3). These scour might have started as a 
crevasse channel in the same fashion as Element SF-2, for it contained 
nested channels with a similar scour-axis oriented northwest-southeast. It is 
possible that the main flows were then diverted through avulsion along a 
number of crevasse channels, including SF-3, but then spread beyond the 
channel-margins over the entire soil horizon of the interchannel areas. The 
above interpretation is supported by the fact that the palaeocurrent flow 
along Scour-fill Element SF-3 (285°) and the dominant palaeocurrrent mode 
in the overlying Sandy Bedforms Element (285°-320°) have very little 
divergence. These catastrophic events changed the palaeolandscape by 
burying the soil horizon and vegetation under the thick deposits of sandy 
bedforms (Element SB). The 5th order bounding surface records the onset of 
these events. 
The burial of trees in growth position without being knocked out suggests 
an episodic event of flash discharge with high sediment load, apparently 
slowing the energy of the depositional process. Rapid sedimentation events 
might have caused the trees to suffocate and eventually to die similar to the 
modern alluvial sediments in the Gulf of Carpentia where 1-3 metres of 
sediments accumulated, during floods can bury the trees (B.G. Jones, pers. 
communication, 1994). The facies assemblages and the interpreted causative 
bedforms indicate upper part of lower flow regime conditions. An avulsive 
event is indicated which moderately scoured the palaeosol surface. 
Then, the fields of northwesterly mobile megaripples aggraded with a 
probable geometry of a stacked series of westerly to northwesterly dipping 
downlapping sheets. These multi-storey sandy bedforms (Element SB) were 
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the dominant depositional form in the middle and upper parts of UNRY4, 
which probably comprised a large down-flow accretion (DA) macroform 
complex. Progressive shallowing up of the depositional site is indicated by 
an upward decrease in grain size and scale of stratification of aggradational 
sandy bedforms upward. 
Finally, Facies Fcf and Flaf in the uppermost segment of the vertical profile 
(Fig. 6.13) indicate evolution of the area to a quiet, interchannel 
environment. 
6.5 DEPOSITIONAL EVOLUTION OF SEQUENCES IN UNRL Y5 
LOCATION 
6.5.1 Introduction 
The UNRLYS location (see Fig. 1.7) is a 180 m long outcrop trending 300°. 
The objectives of this study are to highlight significant lateral variability in 
the eastern part of this outcrop with the help of an interpretive line-
drawing of a 40 m long lateral profile (Fig. 6.17), to examine additional 
outcrop examples of the deposition style of the coarse-grained lithologies 
and to reconstruct the history of evolution of these sequences. The UNRL YS 
outcrop is grossly similar to the sandy parts of UNRLY4 outcrop and to the 
latter's overall interpreted depositional architecture. Therefore, detailed and 
complete architectural element studies have not been undertaken for this 
location. 
Most facies, elements and bounding. surface hierarchies have been defined 
in the preceding sections which are not repeated here. Massive to Diffusely 
Stratified Diamictite and Associated Sandstone (Facies DSmd) and its 
subfacies, Massive to Diffusely Laminated Sandstone (Subfacies Smdl), seen 
in the borehole studies (see Chapter), are encountered in this outcrop and 
are treated under the following section. 
6.5.2 Description and Interpretation of the Lateral Profile Including Fades 
GSpa, DSmd and Smdl 
Indistinct outline of bedding features in the weathered easternmost section 
of the outcrop (segment 1) suggests the existence of trough-cross stratified 
sandstone (Fades Sta) contained within successive scours. It indicates scour-
bound aggradation of the three-dimensional megaripples like that detailed 
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for Segment 1 at the UNRL Yl location. The contiguous facies to the west in 
segment 2 is either Low-angle Cross-stratified and Flat Bedded Sandstone 
(Facies Slaf) or Cross-stratified Sandstone of uncertain type (Facies Sx) or an 
assemblage of both. Overall, the above facies relations and the extension of 
an apparent 4th order bounding surface from segment 1 to 3 indicate the 
apparent presence of a depositional form (remnants of a macroform?) 
which aggraded through the migration of three- and two-dimensional 
sandy bedforms and was dissected by scours in the eastern part. 
Then, events of multiple generations of conglomeratic sedimentation 
occurred with clast size ranging from granules to vesicular latite boulders 
(largest 32x26 cm) in an overall granule-pebble conglomerate. In segment 2, 
sediment laden flows initially emplaced a chaotic lag of poorly sorted, 
conglomerate conformably upon a rarely preserved example of low-height 
two-dimensional sandy megaripples formed on an apparent 4th(a) order 
bounding surface. The conglomerate accumulation was followed by fining-
u pward, crudely planar cross-stratified conglomerate (Fades Gp). 
Subsequently, high energy flows truncated the depositional form marked by 
4th(e) order bounding surfaces (scour-bottom) to either side of this central 
conglomeratic deposit. To the east, the scour was filled up (Element Scour-
fill) in the similar fashion of a chaotic lag deposition (probably through an 
initial hyperconcentrated flow - see below) followed by crude Facies GSpa 
becoming finer grained upflow in an easterly direction (Fig. 6.18). The 
palaeoflow was to the north-northwest. 
A remarkable Scour-fill Element (2 m deep and at least 11 m long) abuts 
against the above middle conglomeratic deposits (segments 2 and 3). It was 
filled by matrix-supported, polymodal and disoriented conglomerate with 
diffuse stratification in places (Fig. 6.19) which appears to be the equivalent 
of the borehole facies of Massive to Diffusely Stratified Diamictite and 
Associated Sandstone (details are given in Chapter 3). Associated subfacies 
in the borehole sequence, Massive to Diffusely Laminated Sandstone 
(Subfacies Smdl) is also seen in the same location (Fig. 6.20). 
Hyperconcentrated flood flows that deposited these sediments probably 
originated as lahars in the volcanically-influenced source areas as indicated 
by abundant volcanic clasts (basalt, feldspar, etc.) of various sizes. During 
intervening post-flood quiet periods ripple-laminated siltstone and 
sandstone were deposited. The top of this SF Element is a planar bounding 
surface extending over the Scour-fill elements to the east (segment 2) and 
has a dip of about 10°-15° to the west. It is considered to be another stage of 
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the macroform top in time and space and is marked by 4th(a) order 
bounding surface. The top of the macroform was mantled by a 15-20 cm 
thick ferruginized sandstone band that is internally ripple laminated, in 
many places with carbonaceous materials (Facies Fb; see Fig. 6.19). 
The subsequent palaeoflow probably eroded off part of the fine-grained band 
on top of the apparent macroform. It is overlain by a Diffusely Planar Cross-
Stratified Conglomerate and Sandstone Assemblage (Facies GSpa) and 
upward, more dominant Planar Cross-Stratified Sandstone (Subfacies Sp). 
Together these facies form a relatively uniform rectangular body (probably 
tabular or inclined sheet-like in 3-dimensions) 40-90 cm thick and many 
tens of metres long that is bounded by a series of slightly inclined, subplanar 
bounding surfaces dipping to the west (2nd or 3rd order bounding surfaces). 
The aggrading two-dimensional dunefields (GSpa and Sp) form the 
Element Sandy Bedforms (SB). In places, these are intercalated with sub-
horizontal, discontinuous, carbonaceous or ferruginized fine-grained bands 
reflecting superimposed lamination formed on the bedforms during the 
falling flow stages (similar to the bands of Facies Sta, UNRLYl location). 
Considering a dominant palaeoflow in the range of 315°-350° shown by 
Facies GSpa, Gp and Sp, and the trends of the dipping bounding surfaces 
generally towards the west, it appears that the Sandy Bedforms constitute a 
Down-Flow Accretion (Element DA) macroform using the reasoning for the 
similar type of depositional architecture shown in UNRL Y4 location (for 
detail, see Section 6.4). 
Regarding palaeoflows, a limited number of readings from the diffusely 
cross-stratified conglomerate and sandstone indicate a northerly to 
northwesterly direction and the scours have north-northeast axes. 
6.6 DEPOSITIONAL EVOLUTION OF SEQUENCES IN UNRL Y7 
LOCATION 
UNRL Y7 location (see Fig. 1.7) shows the fine-grained facies of the 
Pheasants Nest Formation. As shown by the vertical facies profile (Fig. 6.21), 
Carbonaceous Fine-grained Rocks (Facies Fcf) sandwich Low-angle Cross-
stratified and Flat Bedded Sandstone (Facies Slaf). Facies Fcf contains 
intercalated carbonaceous mudstone, siltstone and minor argillaceous 
sandstone that are laminated or very thinly flat bedded and are laterally 
persistent, especially the thin carbonaceous layers (Fig. 6.22). Petrified wood 
fragments occur throughout. 
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In brief, flat lying interchannel swampy areas were subjected to sheet-splays 
and then, the depositional areas returned to an interchannel quiet 
environment. These interchannel areas probably had a flat or very low-
gradient depositional surface with a broad expanse. 
6.7 REFERENCES TO THE NORTHERN OUTCROPS 
A number of isolated outcrops along the Cordeaux Road and American 
Creek, 2.5-3.5 km north of the Unanderra Railway cuttings, are essentially 
parallel to the laterally extensive outcrops of the UNRLY series. The 
outcrops are of poor quality and have patchy occurrences. No significant 
information additional to that already obtained from the very detailed 
studies of the UNRLY series was available. Although conglomeratic 
deposits (gravelly bedload channels) similar to UNRLY2 location are 
present in a few sections, hyperconcentrated flood flows like that recorded 
in the lower portion of UNRL Y5 location was not documented. In general, 
it appears that these are finer grained and more distal than those in the 
UNRL Y series. 
A commonly occurring outcrop of the Pheasants Nest Formation with a 
typical weathering pattern shows generally very thinly bedded, fine-grained 
sandstone as seen in COR2 location (Fig. 6.23). These are also laminated 
with carbonaceous materials. The layers are even, continuous and parallel 
suggesting flat stratification. Close examination reveals a low-angle cross-
cutting relationship between sets. The lower weathered parts appear to 
indicate this to be trough cross-stratification with very shallow troughs. 
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'However, it is uncertain that this is the case. This facies is either a fine grained 
and smaller scale version of Facies Trough Cross-stratified Sandstone Assemblage 
(Facies Sta) exhibited by, among others, UNRLYl and UNRLY4 outcrops or 
Laminated and Cross-Laminated Carbonaceous Sandstone and Fine-grained. 
Rocks (Facies SFcl) commonly seen in the borehole sequences and in the 
UNRLY2 location. Tractional structures (low amplitude ripples/ dunes) 
formed on a low-gradient depositional surface were the causative bedforms. 
Since this structure is common in the fine-grained Pheasants Nest 
Formation in the north, it appears that low-gradient depositional surfaces 
were characteristics of the more distal portions of the Pheasants Nest 
Formation. 
A palaeosol profile, with trees in growth position, was noted at a site off 
O'Briens Road about 4 km to the north of UNRLY4 location. The outcrop is 
extremely weathered and its palaeosol profile appears to be similar to the 
UNRLY4 palaeosol horizon except for its finer grained deposits. 
The coastal exposures of the Pheasants Nest Formation are well preserved. 
Unlike most other outcrops of this formation from north of the UNRLY 
series, they offer significant palaeocurrent data (see Section 8.4.2.2). 
However, the coastal outcrops are limited to only two locations at Towradgi 
and Bellambi Points (see Fig. 1.7) and they have low-height vertical sections 
at and just above the sea level. Since the outcrop at Towradgi Point is less 
complete than, and is very similar to, that at the Bellambi Point (BEL 
Location), the study of the BEL outcrop is presented in this section. 
The carbonaceous siltstone and mudstone (Fades Fcf) at the base of the 
sequence (observed at low-tide) is overlain by the thinly bedded, trough 
cross-stratified sandstone (fine- or fine- to -medium -grained) of Fades Sta. 
The contact is sharp and scoured. The bedding planes reveal three-
dimensional megaripples with very low heights which can be directly 
linked to the internal trough cross-strata (Fig. 6.24). In some places, the 
trough cross-beds are scour-bound. Abundant fossilized logs and trees in 
growth position are contained in this sandy horizon. It is interpreted that 
the interchannel swamps in the lower part of the sequence were subjected 
to avulsive flows, similar to the UNRLY4 location. The succeeding deposits 
primarily formed from northeasterly migrating 3-dimensional megaripples. 
Further interpretation is not possible due to the limited extent of the 
vertical section. The palaeocurrent data and integration with UNRLY series 
outcrops are presented in Sections 8.4.2.2 and 8.4.4, respectively. 
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OUTCROP STUDIES OF THE ERINS VALE 
FORMATION 
7.1 INTRODUCTION 
Section 1.2.2 contains an introduction to the outcrops of the Erins Vale 
Formation including their locations (see Fig. 1.7). The outcrops analyzed and 
interpreted herein are: COL, WAN, BUL, THIR, STUR, FAR, POINT and 
UNRLY8. 
The majority of the quality outcrops are restricted to four coastal locations 
(north of Wollongong) containing low cliffs and adjoining rocky platforms 
just above sea level and are listed below in order from the oldest coastal 
exposures in the south to the youngest in the north: COL, WAN, BUL and 
THIR. The unexposed lower contact of the Erins Vale Formation with the 
Pheasants Nest Formation is inferred to be between the BEL and COL 
locations in the coastal area. The COL location is the oldest coastal outcrop of 
the Erins Vale Formation and represents its lower-middle part. The present 
study investigates COL, WAN and BUL outcrops and re-examines Pickett's 
(1972) account of the characteristic trace fossil assemblages of the COL and 
WAN locations. 
The outcrops of the upper Erins Vale Formation investigated for the present 
study are located north of Wollongong (e.g. THIR, STUR, FAR, POINT) and 
in a widely separated location southwest of Wollongong (UNRLY8; see Fig. 
1.7). The upper contact with the Wilton Formation is exposed in the THIR, 
STUR, FAR and UNRLY8 locations. Although the thicknesses of the 
exposures vary, the nature of the upper Erins Vale fades and the junction 
between the Erins Vale and the Wilton Formations featured by these 
locations are very similar, especially in the clustered outcrops in the north. 
These northern outcrops are, therefore, treated together. The southwestern 
UNRLY8 location is then briefly investigated highlighting its important 
points. 
The fades studies of the outcrops of the Erins Vale Formation do not 
involve detail fades descriptions, use of abbreviated codes and detailed 
interpretation entailed in a systematic facies analysis. The lack of any 
complex facies variability, fewer fades and patchy outcrops make a 
straightforward approach of using simple descriptive terms and direct 
interpretation more comprehensible. In some cases (especially the lower 
Wilton Formation), comparable borehole fades abbreviations are suggested 
within parentheses which can be referrred to using the leaflets provided in 
the backpocket of Volume 2. 
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7.2 PALAEOENVIRONMENTAL STUDIES OF SEQUENCES IN COL 
LOCATION 
7.2.1 Introduction 
The most striking feature of this location is the abundance of spectacular, 
large trace fossils affecting almost the entire outcrop. A 
palaeoenvironmental interpretation of these sediments crucially depends 
on the identification and implications of these burrows, which also has a 
wider regional significance in terms of the evolution of the lower and 
middle Erins Vale Formation. This is why a detailed study of these trace 
fossils and the associated sediments is needed. As a part of this study, the 
present investigation also reviews the work of Pickett (1972). 
7.2.2 Brief Sedimentologic Description 
The rocky platform and the adjoining 6-8 m tall cliffs contain poorly sorted, 
fine- to coarse-grained muddy sandstone that is abundantly bioturbated but 
shows subhorizontal bedding. Marine fossils are very rare and only a 
gastropod and a few bivalves (?Myonia) have been reported (Pickett, 1972). 
Fossil wood fragments, leaves and subrounded volcanic clasts, including a 
few very large latite boulders (?dropstones), are also present. 
The COL location is dominated by bioturbated massive sandstone (Fades 
Smb). Although bioturbation has destroyed the contacts between beds in 
most places, it appears that there are alternating intensely bioturbated and 
less bioturbated horizons in a number of places. Taking the linear, lateral 
concentration of the tops of burrows as indicating the sediment-water 
interface, most bioturbated horizons are found to be concentrated in the 
upper 10-30 cm of each bed which range in thickness from 20 cm to 1 m. In 
some places, medium- to very coarse-grained sand and minor small pebbles 
at the base grade upward into fine-grained sand, thus, forming couplets of 
graded beds 5-20 cm thick. The lower contacts appear to be indistinct with 
the exception of a few scoured, sharp bases (Fig. 7.1). 
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7.2.3 Trace Fossils 
The densely populated, thickly-lined burrows with a structure of inverted 
invaginated cones that characterize the trace fossil assemblage of the COL 
and WAN locations were informally referred to as worm tubes and 
interpreted to be the dwelling burrows of deposit feeders - mostly terebellid 
worms (Pickett, 1972). 
The morphological features (Fig. 7.2) are: a short upper cone/funnel with a 
much longer tube extending vertically down from its lower tapering end 
(Fig. 7.2-a); transverse sections (e.g. bedding plane view) of the upper cone 
show series of concentric rings roughly around a sand-filled central-tube 
recording the spatial growth of the successive burrow-walls (Fig. 7.2-b); 
vertical sections through the cones display sand-filled central tube and sand-
clay sheaths on its sides forming conical layers of the burrow-walls that taper 
downward (Fig. 7.2-a). 
The three candidates for the trace fossils in the COL location, selected on the 
basis of their funnel-shaped geometries and a central sand-filled tubes are: 
Rosselia, Cylindrichnus, and Monocraterion. For a comparative study, the 
morphologies of these ichnogenera are presented in Figure 7.3. The ranges 
of their dimensions and those of the burrows from the COL location are 
given below. 
Table 7.1 
Comparison of the dimensions of COL location burrows with similar 
funnel-shaped trace fossils (the data on Rosselia, Cylindrichnus and 
Monocraterion are from Lindholm, 1987). 
Funnel dia Funnel length Tube dia Tube length 
Rosselia 25-35 mm 30-50 mm not given not given 
Cylindrichnus 10-20 mm not given 2-4 mm not given 
Monocraterion 10-40 mm 20-40 mm 5 mm 80-160 mm 
COL burrows <10-60 mm 20-40 mm 3-5 mm 40-200 mm 
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The funnel and internal tube diameters of the burrows of the COL location 
are measured from the top of the funnels exposed on the bedding planes. 
The tube length refers to the length of the shaft below the upper funnel. 
Rosselia has smaller dimensions than the COL location examples and has a 
characteristic horizontal extension of the sand-filled central tube emerging 
out from the tapering lower end of the funnel but no appreciable vertical 
extension. This is not seen in the COL examples. Also, this morphology 
suggests a lack of any significant difference between the funnel and tube 
lengths rendering the latter measurement irrelevant, which is in stark 
contrast with the COL burrows (see above table). 
The main elements of the morphology of the Cylindrichnus do not contrast 
with some of the smaller and less distinct traces seen in this area. Therefore, 
although the dominant variety of the larger burrows is not Cylindrichnus, 
some of the smaller ones could be. 
Clearly, the closest fit of the dominant burrows at the COL location in terms 
of external and internal morphologies and dimensions is with 
Monocraterion. Overall, the wide variation in sizes might reflect diverse age 
groups of the worms - from very young to fully matured adults as would be 
expected in a densely populated habitat. Apart from Monocraterion and 
minor Cylindrichnus(?), subvertical and subhorizontal simple burrows with 
unlined walls have been encountered. These are probably Skolithos and 
Planolites, respectively. 
Monocraterion and subordinate Cylindrichnus(?), both being doinichnia of 
suspension feeders, contradict Pickett's (1972) interpretation of infauna! 
deposit feeders in quiet water conditions. Pickett's (1972) interpretive 
methodology did not include an ichnotaxonomic classification and 
implication but rather an exclusive attempt to understand the ecology of the 
burrowers focusing on the mechanism of sand in-filling of tubes in the 
otherwise sand-barren finer-grained (muddy?) beds. It is true that sand-filled 
tubes in sandy deposits might not have yielded a great deal of information 
on the feeding behaviours of the organisms. Pickett believed that one type of 
worm species selectively mined apparently sandy particles from within the 
muddy beds (originally sand-mud mixed or interbedded deposits?) and 
brought them up to the surface where they were then harvested by the long 
tentacles of the other type of species (terebellid). Although Pickett correctly 
ruled out one particular type of suspension feeders (Sabella) on the ground 
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of the thinness of the tube and internal burrow-wall characteristic, he did 
not provide any reason why other suspension/ filter feeders who are 
selective in the food they take could not be considered as a more 
straightforward explanation for preferential extraction of sands by the 
organisms both in sand-rich and sand-deficient environmental conditions, 
more so in the latter. In this connection, the possibility that the tubes could 
have been filled with sands following their desertion by the resident 
animals is not favoured. The reasons are that most burrows (other than the 
simple, unlined vertical burrows) have an internal, concentric burrow-
filling structure produced by the animals themselves (Figs 7.2-b and 3) and 
that the burrow-fill sediments are generally phosphate-rich suggesting that 
most animals died within the burrows. 
In addition to the inadequacy in the methodology pointed out in the 
preceding paragraph, Pickett's interpretation of deposit feeders for the 
burrowers in the COL and WAN locations is questioned on the following 
ichnological ground. The ichnogenus fitting Pickett's interpreted ethological 
and energy regime conditions is probably Rosselia which is a constituent of 
the Cruziana ichnofacies (Ekdale et al. 1984, p. 195). However, Rosselia is 
not favoured as already explained. Also, overwhelming dominance of sand 
in the COL location is not compatible with the offshore mud or sand-mud 
substrate inhabited by the Cruziana trace makers (Walker and Plint, 1992, fig. 
1). 
7.2.4 Palaeoenvironmental Interpretation 
Monocraterion is a domichnia inhabited by gregarious suspension-feeding 
worms in the littoral zone (Lindholm, 1987, p. 87). Assuming that a trace 
fossil assemblage of Monocraterion, Cyindrichnus(?) and Skolithos(?) is 
present, a Skolithos ichnofacies on the shoreface is interpreted (cf. Ekdale et 
al., 1984; Walker and Plint, 1992). 
Suggesting that most organisms belonging to the Skolithos ichnofacies are 
infaunal suspension feeders, Ekdale et al. (1984, p. 192) stated: "Their 
burrows tend to be vertical and long, and often they possess thick reinforced 
wall linings. Organisms adapted to such conditions, in modern settings at 
least, include arthropods (i.e., shrimps, crabs and amphipods) and worms 
(mainly polychaetes) ..... Although densities of biogenic structures can be 
high, the overall diversity is low. Ethologically, the assemblage is dominated 
by dwelling burrows; feeding structures and locomotion traces are virtually 
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non-existent (e.g., see Hallam and Swett, 1966; Howard, 1972; McCarthy, 
1979; Howard and Frey, 1984)". The above explains some of the important 
observable aspects of the Skolithos ichnofacies in the COL location. 
The overwhelming sandy deposits, including coarser sands, were deposited 
on the shoreface as indicated by this ichnological study. However, the 
dilemma is how to reconcile the energetic conditions along the Skolithos-
bearing shoreface with the sedimentologic features of poor sorting and near-
total lack of sedimentary structures, generally believed to be the antithesis of 
energetic shoreface conditions. 
The classical settings for Skolithos ichnofacies in the agitated conditions of 
the middle and upper shoreface and ·foreshore of an open sea, which 
probably contain more arthropods (e.g. crabs, shrimps) than the sedentary 
soft-bodied worms, are ruled out. The depositional environment was a 
relatively quiet habitat with a thriving worm population that was 
periodically flooded with sediments burying the animals alive, as was also 
suggested by Pickett (1972). The alternating highly bioturbated and less 
bioturbated zones also support this hypothesis. 
The shoreface depositional gradient was either along an embayed coastline 
or behind barriers on shoreface of a barred coast which facilitated a balance 
between quiet conditions and regular, moderate fairweather wave 
circulation and reworking of the palimpsest sediments in a transgressive 
situation, thus, supplying the worms with suspended nutrients under less 
stressful conditions. Whatever volume of fairweather depositional bodies 
were formed used to be destroyed and reworked by the benthic organisms 
and by large storms. This explains the poor sorting and near-total lack of 
sedimentary structures in these sediments. A significantly embayed 
coastline (bay or estuary?) or barred coast also made sure that the storms 
were not able to annihilate the worms completely, as would otherwise 
happen on a shoreface open to the seas. The area used to be recolonized by 
the survivors soon after the passage of storms, with the bioturhation 
destroying most of the features within the storm deposits, being most 
intense in the upper part including obliteration of the bedding contacts. 
Graded beds are reported both from ancient (e.g. Jones and Desrochers, 1992; 
Sarni and Desrochers, 1992) and modern storm deposits (Snedden and 
Nummedal, 1991). Pickett's (1972, p. 318) assertion on deposition " ... without 
any bottom scour at all" from suspension below wave base is rebutted by the 
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few preserved graded beds with scoured bases and the above fairweather 
wave base habitat of the Skolithos ichnofacies, respectively. Although 
pervasive bioturbation destroyed many bedding contacts, as explained 
above, a few preserved horizons attest to the ability of the storm waves to 
scour the bottom, at least during bigger storm events. Also, the sands were 
too coarse to be suspended and deposited unless they were transported by 
mass flows/storm waves. 
The general transgressive sequences (retrogradational as well) of the lower 
Erins Vale Formation, as established in this thesis (see Sections 8.5 and 8.6), 
do not support a progradational, deltaic shoreline, as implied in Pickett's 
(1972) interpretation, which suggested periodic deposition from coastal 
river-derived floods. Although in a transgressed river-valley both marine 
processes and alluvial input from inland rivers can be operative, the 
massive bioturbated facies of the lower Erins Vale Formation is too 
widespread to be estuarine deposits. The presence of plant materials such as 
twigs, branches and leaves may be cited as evidence for river-sourced 
flooding. However, this only safely suggests an inferential general 
interpretation that there might have been varying degrees of contributions 
from the marine erosion related to transgression (exhumation of the 
palimpsest Pheasants Nest Formation materials), river-derived flows and 
ice-rafting. 
7.3 P ALAEOENVIRONMENTAL STUDIES OF SEQUENCES IN WAN 
LOCATION 
7.3.1 Description 
The WAN location is stratigraphically slightly above the COL location. 
The rocky platform and the 6 m tall cliff face have bioturbated fine- to 
medium-grained subhorizontally bedded sandstone. Monocraterion trace 
fossils are less abundant, less varied in size-range and show a smaller 
average size than those at the COL location. Also, some appear to be 
Rosselia. There are other subordinate types of unidentified trace fossils 
including simple, unlined inclined burrows. The grain-size is finer than at 
the COL location. Also, the better defined bedding contacts and conspicuous 
laterally persistent subhorizontal bedding, including sporadic, bioturbated 
mudstone interbeds, make this outcrop different from the COL location (Fig. 
7.4). In some places, poorly sorted lag conglomerate containing subrounded 
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to rounded volcanic clasts, wood fragments and broken fragments of bivalve 
shells, including rare articulated shells, are present (Fig. 7.5). 
7.3.1 Interpretation 
Fining-upward graded beds with sharp lower contacts (see COL location) and 
poorly sorted lag conglomerate, including shell materials, indicate short-
distance transport induced by storm waves (e.g. Aigner, 1985; Driese et al., 
1991; Jones and Desrochers, 1992; Sarni and Desrochers, 1992). The 
articulated shell debris in a lag is considered to be biostratinomic evidence 
for storm emplacement (Jones and Desrochers, 1992; Sarni and Desrochers, 
1992) and the graded beds are interpreted as upper plane bed storm deposits 
in the BP and BPH segments of Walker et al.'s (1983, p. 1245; Duke, 1985, p. 
169-170) storm bed sequence of BPHFXM. These are similar to the storm beds 
in the ILRL Y2 outcrops of the Broughton Formation (see Ch. 5 ). 
The finer grain size of sandstone and intercalated mudstone beds at the 
WAN location indicate that this sequence was deposited at greater water 
depth than the COL location. The slightly deeper bathymetric condition still 
allowed Monocraterion while restricting its dominance and facilitating 
other ichnogenera to take hold. Rosselia is a constituent of the Cruziana 
ichnofacies (Ekdale et al. 1984, p. 195) which is compatible with the offshore 
mud or sand-mud substrate (Walker and Plint, 1992, fig. 1). 
Laterally persistent subhorizontal beds indicate a flatter depositional 
gradient in the offshore area. If the COL sequences were deposited on the 
shoreface with an embayed setting or in a lagoon in a transgressive barrier 
island system, the WAN sequences were formed in deeper water conditions 
farther out in the transitional zone or offshore areas. These deposits were 
probably accompanied by the removal of the embayed configuration of the 
coastline or barrier islands as transgression proceeded. The fining of grain-
size upsequence from the COL to WAN locations is commensurate with the 
trends in a retrogradational, transgressive shoreline. The occurrence of 
Rosselia (Cruziana ichnofacies) at the WAN and BUL locations also 
supports the above interpretation. 
A few large volcanic boulders at the COL location and a fossilized branch of 
a wood as long as 80 cm at the WAN location appear to be ice-rafted (the 
wood might have been just washed in as well). The presence Qf rounded 
volcanic clasts and broken shell fragments in poorly sorted conglomerate 
159 
suggests probable reworking of the palimpsest Pheasants Nest Formation 
materials in a transgressive setting. The clasts might also have been 
delivered to the seas through river-derived meltwater floods, as interpreted 
for the Broughton Formation (discussed in Section 8.7). 
7.4 PALAEOENVIRONMENTAL STUDIES OF SEQUENCES IN BUL 
LOCATION 
The BUL location lies between the WAN and THIR locations and its 
outcrop is grossly similar to the WAN outcrops. 
The 10-12 m cliff face and the rocky platform contain moderately sorted, 
bioturbated fine-grained sandstone. Sporadic and patchy occurrences of 
subangular to subrounded granules and pebbles (minor cobbles) are noted 
which, in some places, appear to have a poorly-defined, fan-shaped outline 
in plan view with a very crude north-south orientation of the long axes of 
the clasts. Graded beds like the COL location are conspicuous. Chaotic lag 
conglomerates, vesicular latitic clasts as long as 60-70 cm (ice-rafted?) and 
common wood fragments, including a log more than 1.5 m long, are noted. 
Rosselia is also present. 
Storm-induced offshore deposition is interpreted, as for the WAN 
sequences. For the conglomeratic deposits, sediment gravity flows triggered 
by storm waves were probably responsible. 
7.5 PALAEOENVIRONMENTAL STUDIES OF SEQUENCES IN THIR, 
STUR, FAR AND POINT LOCATIONS 
7.5.1 Introduction 
The THIR location contains the thickest outcrops of the upper Eri11s Vale 
Formation. It also displays a three-dimensional view of the undulatory 
relief of the contact between the Erins Vale and the basal Wilton Formations 
(Fig. 7.6). The weathered STUR location contains essentially the same 
elements as that of THIR location (Fig. 7.7). The POINT and FAR locations 
are patchy, basically showing the uppermost swaley cross-stratified 
sandstone (SCS) unit of the Erins Vale Formation and the inter-formational 
contact, respectively. These outcrops are treated together and a composite 
facies log representing this lithologic interval is given (Fig. 7.8). 
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7.5.2 Description 
Subhorizontally bedded, bioturbated carbonaceous mudstone and siltstone, 
with an exposed thicknessl of 0.5-5 m, are erosively overlain by a 2-4 m 
thick, well sorted, swaley cross-stratified, fine- to medium-grained sandstone 
(Fig. 7.9). The lower 1-2 m thick burrowed portion grades upwards into the 
upper 0.5-2 m thick unbioturbated, swaley cross-stratified sandstone 
assemblage. In some places, occurrences of thin, discontinuous mudstone 
layers and pinched-out granule conglomerate bands/lenses are also noted. A 
sharp erosive, undulatory upper contact of the SCS unit, with significant 
local relief, marks the boundary between the Erins Vale and basal Wilton 
Formations (see Fig. 7.6). The quartz-rich basal Wilton Formation has 
predominantly trough cross-bedded, medium- to coarse-grained sandstone 
(Fades St) and sporadic lenses of granule-pebble conglomerates (Fades Gm) 
in the lower part (especially at the basal contact) and increasingly planar 
cross-bedding (Sp) and flat beds with ripple cross-laminae (Fades Slaf and 
SFcl) in the upper part. Abundant coalified logs, wood fragments and 
sporadic pinched-out bands of carbonaceous mudstone are also present. This 
fining-upward sequence is capped by interbedded laminated and cross-
laminated fine-grained sandstone (Fades SFcl) and laminated carbonaceous 
mudstone (Fades Fcl) with common rootlets and macerated plant debris. 
Farther up, coal and associated carbonaceous fine-grained rocks (Fades CFc), 
tuffaceous mudstone layers and minor sandstone comprise the Woonona 
Coal Member. 
7.5.3 Interpretation 
The bioturbated mudstone at the base of the outcrops, which also underlies 
the equivalent SCS beds with a similar sharp, erosive contact in far apart 
sections in the greater Wollongong area (e.g. STUR, THIR and UNRLY8 
locations), attests to a regionally developed offshore condition (further 
interpretation in Section 8.5.3). 
The SCS beds represent shoreface storm beds. The atypical association of 
burrows in the lower part of the SCS sequence and sporadic thin (rare) 
muddy bands in THIR and STUR locations need to be examined. Unlike 
hummocky cross-stratification (HCS), SCS, formed on the shoreface (above 
1 A storm in May, 1997 freshly exposed more than 5 m of· the· basal mudstbne sequence 
(previously measured maximum thickness was 1.3 m), which also revealed clasts in a few 
places indicating influence of storm waves (B.G.J:ones, pers. communication, 1998). 
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fairweather wave base) is not normally associated with burrows and mud 
layers1. However, Duke (1985, p. 171) suggested that mud layers and burrows 
may rarely occur in SCS beds. The discontinuous muddy bands indicate 
deposition from suspension during post-storm quiet periods, most of which 
were scoured away during subsequent storm events leaving only thin 
remnants. The burrows appear to be mainly Skolithos ichnofacies which 
does not contradict shoreface deposition. However, the occurrence of the 
burrows in the lower part of the sequence and their absence in the upper 
part (typical of SCS), suggest the deeper water of the lower shoreface in 
transition from the lower bioturbated mudstone in the offshore areas. As 
the sea level continued to drop, the resulting energetic conditions on an 
aggraded bathymetry on the middle and upper shoreface were not 
conducive for the survival of the organisms. Thus, burrowed to 
unbioturbated transitions in the THIR and STUR locations indicate an 
upward evolution of the shoreface from the lower to middle/ upper levels. 
The granule conglomeratic lenses in the SCS beds were interpreted to be a 
likely plunge-pool deposit in the boundary between shoreface and beach and 
the probability of the occurrences of beach deposits in the weathered upper 
part of the THIR location was mentioned by Bamberry et al. (1990). Seen in 
the regional context (e.g. fluvial channels directly on top of thin shoreface 
sands at UNRL Y8 location), it could also be a function of preservation 
potential. In a prograding and strongly regressive2 sequence like that 
evident in these outcrops, fluvial erosion might destroy the foreshore 
sequence altogether or greatly reduce its thickness or leave rare inliers of the 
beach sediments in a few places. 
Summarizing the detailed studies by Bamberry (1991), meandering channel-
fill deposits, including localized coarse-grained point bars, overlain by 
interbedded levee and floodplain deposits are interpreted for the basal 
Wilton Formation in the THIR location. Palaeocurrent data from cross-beds 
and channel scours suggest a flow to the northeast. The overlying W oonona 
Coal Member represents peat swamp deposits which blanketed the fluvial 
successions. 
1 
2 Further detail and implications of base level changes are given in Section 8.6.7. 
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7.6 P ALAEOENVIRONMENT AL STUDIES OF SEQUENCES IN UNRL YB 
LOCATION 
The basic facies successions at the UNRL Y8 location are similar to the 
northern outcrops (Fig. 7.10). The mudstone layer below the SCS sands 
contains sporadic granules and small pebbles (Fig. 7.11) suggesting storm 
wave reworking in the upper offshore conditions (implications are 
discussed in Section 8.6.7). 
The unbioturbated swaley cross-stratified sandstone indicates a shallower 
shoreface condition than the northern outcrops (Fig. 7.12). The overlying 
channels cut deeply into the SCS beds (Fig. 7.13), like the northern outcrops, 
and have average scour-axes of 260°-270°, i.e. nearly east-west. While some 
channels have basal small pebbles (many are rounded volcanolithic clasts), 
granules and coarse- to very coarse-grained sand and abundant coalified logs 
and wood fragments, the infilling of the scours occurred mostly from planar 
laminated carbonaceous siltstone and mudstone and minor fine-grained 
sandstone. These deposits drape over the entire channel irregularities with 
laterally persistent subhorizontal bedding character (see Fig. 7.13). Thus, it 
appears that the basal Wilton Formation in the UNRLY8 location is 
characterized by very low-gradient, poorly drained interchannel (floodplain) 
conditions following abandonment of the scours over the formerly 
shoreface deposits. Upward, the interchannel setting grades into a peat 
swamp condition typified by the Woonona Coal Member. 
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8.1 INTRODUCTION AND PALAEOCLIMATE 
8.1.1 Organization 
This chapter synthesizes materials presented in the preceding chapters and 
incorporates additional data to produce an integrated framework to discuss 
various implications of this thesis. Starting with an aim to develop a tool to 
synthesize subsurface data (Section 8.2), which forms one of the major bases 
of this project, the chapter then builds on sequentially with the studies of 
the Broughton, Pheasants Nest and Erins Vale Formations in Sections 8.3., 
8.4 and 8.5, respectively. These studies also include part of the upper Berry 
Siltstone underlying the Broughton Formation (Section 8.3) and part of the 
lower Wilton Formation and Marangaroo Conglomerate overlying the 
Erins Vale Formation (Section 8.5). Each of these major sections has been 
modelled in such a manner so that, for a proper understanding, the overall 
background settings remain in perspective. 
As mentioned in Chapter 1, a major emphasis has been put on 
understanding the depositional settings of the Broughton Formation 
because of its marked variabilities and complexities and its far reaching 
implications regarding sedimentary and volcanic evolution and tectonic 
conditions in the southern Sydney Basin during the Late Permian. Also, it 
forms a basis for discussing the Pheasants Nest and Erins Vale Formations. 
The palaeoclimatic (see following section) and tectonic (see Section 1.1.2) 
controls on sedimentation appear to be significant for the deposition of the 
Late Permian sequences and form a basis for the discussion of the 
depositional frameworks of these sequences. 
Section 8.6 analyzes the implications concerning volcano-tectonic controls 
and sea level changes. Section 8.7 explores palaeoclimatic influences on 
sedimentation based on an initial discussion given in Section 8.1.2. Section 
8.8 refers to modern and ancient examples comparable with the Late 
Permian sequences. Section 8.9 contains the conclusions arrived at from the 
thesis. 
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8.1.2 Palaeoclimate 
The majority of the reports on the palaeoclimate of the Late Permian Sydney 
Basin suggested a cool to cold temperate palaeoclimate based on the 
following features. 
(1) Glendonites: a pseudomorph after ikaite formed and preserved in 
near-freezing (less than 5° C) marine substrate conditions (Jones et al., 
1988; Carr et al., 1989). The last two phases are known from an outcrop 
of the upper Broughton Formation below the Wollongong Lighthouse 
at Flagstaff Point and from the borehole sequences of the Kulnura 
Marine Tongue Member (see Fig. 4.3). 
(2) Ice-rafted debris: cobble- to boulder-sized clasts (dropstones or 
lonestones) that were ice-rafted out to the sea and deposited when the 
ice melted (e.g. Raam, 1968; Costin, 1968; Costin and Herbert, 1973; 
Bowman, 1974). Recently, Eyles et al.'s (1997) studies of the 
glaciomarine influences on the Early Permian sequences of the 
Shoalhaven Group documented various kinds of ice-rafted debris, 
including lonestone clasts, clast clusters and multiple clast layers, and 
the first known example of a pre-Pleistocene ice-scour structure and ice 
keel turbates. 
(3) Body fossils: larger size of brachiopods, bivalves and bryozoans 
suggested a cold water condition (Raam, 1968). It is also indicated by a 
low diversity faunal assemblage and common occurrence of fauna of 
cold water habitat (e.g. Eurydesma). 
(4) String bogs: formed in permafrost peat/swamps deposits (Conaghan et 
al., 1994). 
(5) Palaeosol and vegetation: Seasonally deciduous fossil plants were 
interpreted to indicate cold climate (Retallack, 1980). Recently, Retallack 
(in press) interpreted permafrost soils of a humid, frigid climate that 
supported a sub-arctic taiga forest life zone in the Broughton 
Formation. 
(6) Palaeoclimate computer modelling: a range of palaeoclimate for the 
Permian in the Sydney Basin were interpreted (cited by Retallack, in 
press) - temperate-subtropical (Loughn_an, 1991) to cool-cold temperate 
(Kutzbach and Zieglar, 1993,) and frigid (Fawcett et al., 1994). 
Explaining the ice-caused deformation structures within the two 
'permafrost' palaeosol profiles from the Broughtpn Formation, Re,tallack (in 
press) suggested a mean annual temperature of less than -1°C with seasonal 
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freezing and thawing cycles and precipitation in excess of evaporation. 
However, it is not compatible with the definition of a permafrost, which 
Eyles and Eyles (1992) referred to as a perennially frozen ground under mean 
annual temperature less than -4°C. Retallack believed that his frigid 
palaeoclimatic model was compatible with a palaeomagnetically determined 
palaeolatitude of 65°S (from a varied of range of 57°S-85°S) for the Late 
Permian Sydney Basin. 
Hitchen (1997) found large transported log 2.8 m in length and 30-40 cm in 
width in the Westley Park Sandstone Member of the lower Broughton 
Formation and suggested low-land taiga forests with at least seasonal ice-free 
periods allowing growth of large trees and apparently argued against harsh 
conditions with perennial ice cover that would have favoured only tundra 
type of vegetation. The present study recorded peat swamp (coal) and 
commonly occurring swamp deposits in the Pheasants Nest Formation. The 
vegetation included abundant Glossopteris and tree trunks in growth 
position, and large transported fossil logs, the latter also occurring in the 
Erins Vale Formation. 
A periglacial palaeoclimate with seasonal freezing and thawing seems to be 
appropriate for the Late Permian Sydney Basin. The evidences, herein 
interpreted from the present study of the Broughton, Pheasants Nest and 
Erins Vale Formations include: 
(a) glendonites, dropstones and faunas in the Broughton and Erins Vale 
Formations (see points 1, 2 and 3 above, respectively, for a general 
account); 
(b) rapid deposition from sediment laden flows, evident in the Broughton 
and Pheasants Nest Formations, was apparently induced by seasonal 
meltwater floods (poorly sorted volcaniclastic materials, subrounded to 
subangular grains, preservation of feldspar crystals and massive beds in 
both the Broughton and Pheasants Nest Formations; and diffusely 
planar cross-stratified sand and gravel beds, sandy and diamict beds of 
hyperconcentrated flood flow deposits, and trees buried in growth 
positions in the Pheasants Nest Formation); 
(c) preservation of commonly occurring fresh feldspar crystals and to a 
lesser extent, ferromagnesian minerals, was aided by both a cold 
climate and rapid deposition and burial in the Broughton and 
Pheasants Nest Formations; 
" 
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(d) discharge fluctuation recorded by: (a) the graded strata in the subaerial 
fan deposits in the Pheasants Nest Formation formed in response to 
waxing and waning flow stages characteristic of seasonal meltwater 
flows; and (b) the various shallow marine graded facies in the 
Broughton Formation may indicate underflows from river-derived 
meltwater floods; 
(e) downslope mass-wasting processes (e.g. debris/hyperconcentrated flood 
flow deposits) and low-sinuosity (braided) channel aggradation, 
considered to be two characteristics of periglacial climate (Eyles and 
Eyles, 1992), are present in the subaerial fan deposits of the Pheasants 
Nest Formation; 
(f) sparsity of desiccation cracks, lack of silcretes and calcretes in the 
interchannel deposits, and poorly-drained, saturated soil profiles in the 
Pheasants Nest Formation indicated a wet and cold/ cool climatic 
condition with a high water table. 
(g) an apparently frosted palaeosol profile from BH ER lOR in the 
southern sector (see Fig. 4.5). 
In addition to the two features mentioned in (e) above, Eyles and Eyles 
(1992) considered aeolian deposits and disruption of near-surface strata by 
the growth of ice-lenses to be the other two characteristics of cold climate 
modifications. Wet/humid conditions, indicated for the Broughton 
Formation (Retallack, in press) and the Pheasants Nest Formation (this 
study, see point 'f' above) and, additionally, vegetation in the latter, 
inhibited aeolian processes. 
A palaeoclimatic model for sedimentation is presented in Section 8.7. 
8.2 CONSTRUCTION OF SUB SURF ACE TRANSECTS 
The interpreted palaeoenvironmental intervals determined from each 
borehole locations in Chapter 4 serve as basic building blocks for the 
construction of two major transects across the study area illustrating the 
basin-fill architecture during the time the lithologic units under 
consideration were deposited. Figures 8.1 and 8.2 are roughly the south-to-
north and west-to-east transects, respectively, in the southern Sydney Basin. 
See Figure 1.6 for borehole locations and the cross-section lines on a map. In 
addition to the borehole sequences studied and interpreted in detail 
(Appendix 2 and Chapter 4), some other borehole .sequences ·have been 
incorporated in the construction of these transects based on selected 
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interpreted log reports (indicated with an asterisk in the following 
introduction to the boreholes). Whereas the interpreted columns of the 
major borehole ·sequences referred to in Chapter 4 are plotted in the 
transects as they are fundamental data sources, the positions of other 
borehole sequences are indicated on the datum (Figs 8.1 and 8.2). A brief 
introduction to the constituent borehole sequences contained in these two 
transects are given below. 
South to North Transect (Fig. 8.1): 
(1) BH ERl: ref. Section 4.3.2 and Appendix 2.3.2. The upper offshore 
segment in the lower portion of the sequence is extrapolated from BH 
Huntley 7. 
(2) BH Huntley 7: ref. Section 4.3.4 and Appendix 2.3.4. 
(3) BH Wollongong 2* and 81 *: forty four metres of the Berry Siltstone 
below the Broughton Formation are penetrated by BH Wollongong 2 
but BH Wollongong 81 ended in the lower Broughton Formation. 
Since the transect passes midway between the two borehole locations 
(see Fig. 1.6), a median average of the lithologic attributes has been 
taken to construct the transect at this point for the Broughton, 
Pheasants Nest and Wilton Formations (the Erins Vale Formation is 
absent). 
(4) BH Wollongong 13: ref. Section 4.2.1 and Appendix 2.2.1. 
(5) BH AGL Moonshine 13*: ends in the lower Broughton Formation. 
(6) BH Wollongong 35: ref. Section 4.2.5 and Appendix 2.2.5. 
(7) BH Moonshine 7 A: ref. Section 4.2.4 and Appendix 2.2.4. 
(8) BH Picton 3*: Although this borehole is not close to the cross-section 
line, it has been considered because of the sparsity of data points in the 
northern part of the study area and the occurrence of the Marangaroo 
Conglomerate in both BH Picton 3 and Bootleg 8 (see Fig. 1.6). Since the 
Marangaroo Conglomerate is generally believed to occur in the western 
parts of the southern Sydney Basin being sourced from the western 
cratonic areas (Bamberry et al., 1990), a thinner occurrence has been 
assumed at the cross-section point than the more westerly BH Picton 3. 
(9) BH Bootleg 8: ref. Section 4.2.8 and Appendix 2.2.8. 
West to East Transect (Fig. 8.2): 
(1) BH Nattai 1: ref. Section 4.2.2 and Appendix 2.2.2 .. 
(2) BH Wollongong 23*: ends in the upper Broughton Formation. 
(3) BH Wollongong 33*: ends in the upper Pheasants Nest Formation. 
( 4) BH Wollongong 35: ref. Section 4.2.5 and Appendix 2.2.5. 
(5) BH Alliance Cataract 1: Section 4.2.7 and Appendix 2.2.7. 
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BH Oakdale 1 (ref. Section 4.2.3 and Appendix 2.2.3) is placed with respect to 
the datum in Figure 8.2. BH Wollongong 21, which was studied in detail but 
not included in Appendix 2, is placed with respect to the datum in Figure 
8.2. Although they have not been included in the transect construction, it 
would be necessary to relate them with other borehole sequences 
represented in the transects. 
The boreholes and the cross-section lines have been selected to get 
maximum possible spatial and vertical spread of the transects and to obtain 
more than one two-dimensional view of the facies architecture so that these 
can be assessed in terms of their orientation to depositional strike and dip. 
The base of the Tongara Coal, which is one of the most regionally extensive 
coal seams developed in the southern and western parts of the Sydney Basin 
during the Late Permian, has been used as the datum to draw these 
transects. 
Two marine flooding surfaces have been interpreted. One is in the lower 
Broughton Formation between its shoreface and offshore successions (Ref. 
BH Huntley 7, Wollongong 35 and Wollongong 21, see Fig. 8.1) and within 
the upper Berry Siltstone (e.g. BH Wollongong 81; Fig. 8.1 and BH Alliance 
Cataract 1; Fig. 8.2). The other marine flooding surface is at the base of the 
Kulnura Marine Tongue Member and the Erins Vale Formation, clearly 
evident in Figures 8.1 and 8.2. Regarding the former, a speculative 
maximum marine flooding surface line has been drawn assuming that it 
occurred about two-thirds of the way down from the top of the below storm 
wave base offshore successions. In the case of BH Alliance Cataract 1, this 
contact is considered to be within the Berry Siltstone between the upper very 
fine- to fine-grained sandstone and the lower very thick siltstone. Lines 
have also been plotted to mark the strong regressions at the base of the 
upper Erins Vale Formation, basal Wilton Formation and the Marangaroo 
Conglomerate. 
Finally, it is pointed out that under the limitation of the database, the details 
of the fades architecture between the boreholes in Figures 8.1 and 8.2 are 
generally inferential interpretations and, thus, probabilistic. 
'• 
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8. 3 DEPOSITIONAL FRAMEWORK OF THE BROUGHTON FORMATION 
8.3.1 Introduction 
An interpretation of the Broughton Formation in the broader context needs 
to examine the palaeoenvironmental relations of the marginal sequences of 
the latite-dominated Broughton Formation with the rest of the hitherto 
little known formation. A review of the former is presented in Section 8.3.2 
so that the latter can be linked up with it. In order to make a distinction for 
the purpose of this study, an informal term, latite-dominated Broughton 
Formation has been used in this thesis and it is subdivided into lower and 
middle-upper divisions. Also, the depositional architecture revealed by the 
transects (Figs. 8.1 and 8.2) suggests that for the convenience of the 
palaeoenvironmental studies, the Broughton Formation can be subdivided 
into three parts - lower, middle and upper. 
Palaeocurrent information for this formation is summarized in Section 
8.3.2.3. A depositional model for the boundary lithologies at stratigraphic 
group-contact level, between the latite-dominated upper Broughton 
Formation (Shoalhaven Group) and the lower Pheasants Nest Formation 
(Illawarra Coal Measures) gives an insight into the depositional evolution at 
this important junction (Section 8.3.3). The present study of the Broughton 
Formation has recognized three distinct depositional stages on the basis of 
interpreted depositional architecture and processes. The last three sections 
present integrated regional depositional models for these three stages 
formed during the upper Berry Siltstone and lower Broughton Formation 
time (Section 8.3.4), the middle Broughton (Section 8.3.5) and upper 
Broughton (Section 8.3.6) Formation times. 
8.3.2 Review of Depositional Studies of the Latite-Dominated Broughton 
Formation 
8.3.2.1 Latite-Dominated Lower Broughton Formation 
From base up, the stratigraphy of the coastal exposures of the latite-
dominated lower Broughton Formation from south of Gerringong to 
Bombo Point in the Kiama district is: Westley Park Sandstone Member -> 
Blow Hole Latite Member -> Kiama Sandstone Member -> Bumbo Latite 
Member (see Fig. 1.6, Section 1.1.3.3 and Table 1.2). -Since Figure 8;1 indicates 
that the Jamberoo Sandstone Member, intersected at BH ERl location, is 
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stratigraphieally equivalent to the middle Broughton Formation, it has been 
included in the middle-upper part of the latite-dominated Broughton 
Formation. 
Based on the lateral extensions in the Kiama region indicating flood basalts 
which cooled slowly developing abundant columnar jointing, both the 
Blow Hole and Bumbo Latite Members were considered to be composite 
ponded flows, with minor partial intrusion, that extruded in shallow 
marine settings (Bull and Cas, 1989). The bioturbated, poorly sorted and 
poorly bedded volcanolithic sediments of the Westley Park Sandstone 
Member (with a thickness of 45 m) gradationally and conformably overlies 
the upper Berry Siltstone containing thin lithic interbeds of sandstone 
(Jones, 1990). Apparently derived from adjacent subaerial volcanic uplands 
and closely associated with penecontemporaneous submarine lava flows of 
the intercalated latite members, the sediments were mobilized and 
redistributed to the offshore region through mass flows, including storm-
induced turbidity currents, storm waves and northerly flowing tidal 
currents (Bull and Cas, 1989; Hitchen, 1997). Evidences for southern volcanic 
land sources include the predominantly volcanolithic composition of the 
marine deposits, with minor input of quartzose sediments from the craton, 
presence of plant materials and large logs, isolated ice-rafted dropstones and 
northeasterly palaeoflows. Whereas Bull and Cas (1989) advocated poorly 
expanded, storm-generated but below storm wave base turbidity currents as 
a major depositional mechanism for mobilizing the sediments in the 
offshore areas during the Westley Park Sandstone Member time, Hitchen 
(1997) found evidence of storm wave actions. However, both agreed on the 
influence of tidal currents during the Westley Park Sandstone Member time 
but ineffective tidal flows due to the barriers imposed by the Blow Hole 
submarine flows and influence of storm waves during the Kiama Sandstone 
Member time. In addition, Hitchen identified parasequences and the record 
of fluctuating sea levels within the Westley Park Sandstone Member which 
appeared to be indefinite in the Kiama Sandstone Member. In general, the 
Westley Park Sandstone Member was deposited in a sheltered setting and 
the Kiama Sandstone Member within a wave-dominated, more open setting 
proximal to the shore. 
In addition to its generally shallow marine origin, the basal Kiama 
Sandstone Member in one outcrop locality south of Kiama is reported to 
have 2-3 m thick fluvial conglomerate deposited on the weathered surface 
of the Blow Hole Latite Member (B.G. Jones, pers. communication, 1997) and 
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a clearly developed palaeosol profile (Retallack, in press). It suggests that 
although the latite was extruded in shallow marine setting, it must have 
emerged subaerially. Retallack (in press) interpreted the basal redbeds of the 
Kiama sandstone as Loveleigh pedotype palaeosols which supported a taiga 
woodland. The author suggests that the palaeosols developed on the 
epiclastic volcarenite apron of the subaerial lava flows during the lower 
Broughton Formation time. This interpretation firmly validates the 
existence of the southern emergent volcanic masses coeval with the shallow 
marine sediments of the lower Broughton Formation. These volcanoes 
acted as a major provenance during this time and it is inferred that similarly 
emergent volcanic masses must have been supplying detritus to the 
southern Sydney Basin throughout the Gerringong volcanic time - from the 
upper Berry Siltstone to the upper Broughton Formation time and beyond . 
As further explained in succeeding sections, these volcanic masses either lie 
in the offshore Sydney Basin or their records have been lost through erosion 
or both. 
8.3.2.2 Latite-Dominated Middle-Upper Broughton Formation 
The middle-upper latite-dominated Broughton Formation is exposed 
discontinuously along the coast from north of Kiama to North Wollongong 
and in a number of nearby inland locations. The Bumbo Latite Member 
conformably overlies the Kiama Sandstone Member of the lower latite-
dominated Broughton Formation and in turn, is successively overlain by 
the Jamberoo Sandstone Member, and the Saddleback, Cambewarra and 
Dapto Latite Members (see Fig. 1.6, Section 1.1.3.3 and Table 1.2). The latter 
three latite members also contain intervening unnamed sandstone units 
like their older but named counterparts. The latite members are considered 
to be primarily submarine extrusive flows with accompanying minor, 
partial intrusions (see Carr, 1982, for an overview). 
The intervening sediments between the Bumbo and Dapto Latite Members 
exposed in the coastal sections are dominated by HCS sandstone, 
rhythmically bedded sandstone and diamictite facies, 'shelf turbidites' and 
highly bioturbated Cruziana ichnofacies-bearing sequences (Barry, 1997). 
Having recognized no erosional or flooding surfaces in these deposits, Barry 
(1997) reasoned that it reflected a gradual sea level change. Rare cross-
bedding with northeasterly palaeoflow was interpreted to. be offshore-
directed tempestites deposited below storm wave base~ Also, tidal i11fluence 
was discounted. Similar to the interpretation advanced for the deposition of 
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Kiama Sandstone Member (Bull and Cas, 1989; Hitchen 1997), volcanic 
masses acting as physiographic barriers for longshore currents were inferred 
for the sediments associated with the Bumbo and Dapto Latite Members. 
Barry (1997) concluded, among other things, the submarine lava flow origin 
of the Dapto Latite Member, including the existence of hyaloclastite facies 
and importantly, strongly storm-influenced sedimentation with a high 
volume of sediment input from proximal volcanic sources probably in the 
southwest for the latite-dominated upper Broughton Formation. This is in 
accord with the findings of Sobhan et al. (1993; also see Chapter 5 and 
Section 8.3.3). 
As explained m chapter 5, storm bed sequences, including HCS-SCS 
association, coarse-grained ripples and angle of repose cross-beds (indicating 
offshore-directed storm relaxation current activity), and various fair-
weather sedimentary structures are documented. The storm beds have 
laterally persistent sheet-like geometry. Detailed architectural studies of the 
latite-dominated upper Broughton Formation also elucidated lava 
emplacement-sedimentation process concerning the Dapto Latite Member 
and associated sediments. A preliminary depositional model, which is fully 
developed in Section 8.3.3 based on regional correlation, depicts source-
proximal aggradational shallow marine sedimentation extending from 
offshore to the foreshore environments. 
The red beds of the J amberoo Sandstone Member were thought to be deltaic 
floodplain deposits (Bowman, 1970; Gol berj 1972). The present study has 
interpreted a volcanic subaerial fan with likely ring-plains which prograded 
over the shallow coastal waters through outbuilding of its sandskirts 
(conclusion in Section 8.3.5.2 based on Appendix 2.3.2 and Section 4.3.2). 
Recently, Retallack (in press) identified palaeosols, called Harvey pedotype, 
formed on the airfall tuff in the floodplains of the upper Jamberoo 
Sandstone Member. 
8.3.2.3 Palaeocurrents from the Broughton Formation 
The palaeocurrent measurements in the Broughton Formation primarily 
come from the latite-dominated sequences. A distillation of various 
measurements, including authors' own or implied interpretations of the 
data, are given below. 
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Table 8.1 Palaeocurrents from the Broughton Formation and Interpretation 
Reference Unit/location Mean & structure Interpretation 
Kiama to 050°-lesser mode; offshore current 
Bowman Wollongong 
(1980) Harbour; 330°-major mode; longshore current 
generalized data cross-beds 
Westley Park two major modes to 
Bull & Cas Sandstone the NW & NE; 
(1989) Member, lower mean nearly due tidally-influenced, 
Broughton north; longshore current 
Formation, Kiama planar cross-beds 
region 
Hitchen same as above NE, dip <20°; same as above 
(1997) planar cross-beds 
Middle Broughton 066°, dip 25° offshore-current; 
Barry Formation tempestites 
(1997) 
Upper Broughton 073°, dip 22° same as above 
Formation planar cross-beds 
NNE, strike of wave ?shoreline strike; 
Sobhan et Upper Broughton ripples; 
al. (1993) & Formation 
this study N to NW; offshore-directed 
angle of repose cross- storm relaxation 
beds current 
The data obtained by Bull and Cas (1989) from the Kiama Sandstone 
Member show two modes: in the north to northeast and north to northwest 
sectors which gave an average of due north. The above table shows that the 
prevailing data suggest that whereas tidally-influenced currents flowing 
toward the north or northeast constituted a major palaeocurrent mode, it is 
possible that a northwesterly mode might also have been present. 
8.3.3 Depositional Model of the Latite-Dominated Upper Shoalhaven 
Group-Illawarra Coal Measures Boundary 
8.3.3.1 Introduction 
In order to develop a depositional model and reconstruct the 
palaeogeography of the latites and volcaniclastic sediments at the 
Shoalhaven Group-Illawarra Coal Measures boundary - the Broughton 
Formation with the included Dapto Latite Member and the lower Pheasants 
Nest Formation - the following stratigraphic ·sections from south of 
Wollongong are considered: ILRLY2 outcrop, Borehole Flagstaff Hill 2 (BH 
'• 
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FH2), INVES outcrop, SFWYl outcrop and UNRLYl outcrop (Fig. 8.3). 
Section 8.3.3.2 gives a summary of these stratigraphic sections and also refers 
to BH FH2 which penetrated the Dapto Latite Member in this area. The 
detailed studies of ILRL Y2, INVES and SFWYl outcrop locations are given 
in Chapter 5 and those of UNRL Yl location in Chapter 6. Considering a 
general structural dip to the west and southwest, and the distance between 
sections, it is apparent that the oldest and youngest sequences in the area are 
ILRL Y2 and UNRL Yl, respectively. 
Then, relations between the latite and sediments are further investigated in 
Sections 8.3.3.3 and 8.3.3.4. Finally, the findings are synthesized and a 
depositional model is presented in Section 8.3.3.5. 
8.3.3.2 Stratigraphic Sections of Selected Outcrops and a Borehole 
ILRL Y2 Outcrop: This volcaniclastic Broughton Formation sequence is 
characterized by sharp-based, flat bedded, fossiliferous sandstone-siltstone 
facies. Relatively short distance, storm-induced transport processes aided by 
quick dissipation of the storm energy are interpreted. Laterally persistent flat 
beds, fine-grained sands and association with bioturbated siltstone and 
mudstone intervals indicate a relatively quiet, low-gradient depositional 
slope like an offshore area. 
Borehole FH2: The Dapto Latite Member is a multiple flow unit with 
intervening breccia zones and unspecified sedimentary materials at several 
depths. Analyzing Cook's (1966, cited by Carr, 1982) description of these 
sediment-latite breccia zones, they appear to contain evidence for 
penecontemporaneous sedimentation (see Section 8.3.3.4). 
INVES Outcrop: Submarine lavas are overlain by hyaloclastite and debris 
flow and ice-rafted deposits, which, in turn, are succeeded by middle-upper 
shoreface swaley cross-stratified sandstone assemblage. A north-
northeasterly to northerly oriented palaeoshoreline is indicated. This 
outcrop is discussed in detail in Section 5.2. 
SFWYl Outcrop: The SFWYl sequence is summed up as follows. Latites 
with sedimentary inclusions at unspecified depths are overlain by SCS 
deposits. The latter appear to be the equivalent of the lower part of the 
swaley cross-stratified sandstone assemblage with or without debris flow and 
ice-rafted deposits as seen in the INVES outcrop. This is successively 
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overlain by volcanic conglomerate and trough cross-bedded sandstone with 
abunda_nt plant fossils. Progradational alluviation is clearly suggested. 
UNRLYl Outcrop: A detailed architectural element study of UNRLYl 
location (see Chapter 6) shows that generally southwesterly mobile 
aggradational, 3-dimensional megaripples formed a lateral accretion 
macroform complex including scour-fill and sandy bedforms elements. This 
gave way to interchannel environments upward. Distributary zone 
sedimentation in a distal alluvial fan setting has been interpreted. 
8.3.3.3 Petrology 
The Dapto Latite Member is identified as a shosonitic basalt (Carr, 1982). It is 
a phenocryst-rich basalt (at least in the Investigator site) with abundant 
medium- to coarse-grained plagioclase phenocrysts imparting it a so-called 
"felsic" appearance. Clinopyroxene constitutes the subordinate phenocrysts. 
Groundmass is too fine to be identified microscopically. 
The sandstones are dominantly composed of basaltic rock fragments, 
plagioclase feldspar and minor quartz. Thus, a genetic relationship between 
the latites and volcaniclastic outcrops is compositionally established. 
8.3.3.4 Dapto Latite Member and Included Sedimentary Materials: Evidence 
for Penecontemporaneous Sedimentation 
The latites of the INVES outcrop (Chapter 5) with evidence of sparse 
intercalation or inclusion of sediments at a few levels on the hill-slope are 
capped by 4-6 m of volcaniclastic sediments. Subhorizontal, patchy and thin 
sedimentary layers appear to overlie conformably upon latites hinting at the 
possibility of sedimentation penecontemporaneous with volcanism. 
However, the extremely patchy exposures of the sediments make it difficult 
to definitely establish the sediment-lava relationships at these stratigraphic 
levels. Nevertheless, some kind of interaction with sediments existed at one 
or more levels stratigraphically below the top of the latitic flows. 
The top of the latite is marked by the Lavas and Hyaloclastite Facies 
Association containing lava flows (including pillow lava) and in-situ 
hyaloclastite facies. This is overlain by two epiclastic Facies Associations -
Submarine Debris Flow and Ice-rafted Deposits and Swaley Cross"Stratified 
Sandstone Assemblage (see Section 5.2). 
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Carr (1982) reported that the Dapto Latite Member has at least 2 separate 
flows separated by a breccia zone. This zone, as identified in cores (Cook, 
1966, cited by Carr, 1982), is a complex succession of sandstone, siltstone and 
latite blocks where sedimentary materials have steep, inclined contacts with 
latite blocks and show some horizontal and cross-bedding characters as well. 
An attempt will be made here to compare and genetically correlate these 
breccia zones, reported by Cook, with the description given in the bore logs 
and with volcaniclastic facies in an outcrop in the vicinity (INVES outcrop; 
see Section 5.2). The author has to rely on the field log columns of three 
boreholes from the Flagstaff Hill area (courtesy Brian Jones) as borecores and 
written log reports, including Cook's (1966, cited by Carr, 1982) description, 
were not available. 
Having primary sedimentary structures, Cook's description of the breccia 
zones has the closest fit with the basal portion of the latite dominated 
SCSSA Facies Association of the volcaniclastic sequence of the INVES 
outcrop. The Flagstaff Hill borehole logs (Borehole # 1, 2, and 3) show that 
inclusions/intercalations of sedimentary materials are present at several 
depths in all the borehole sequences. In addition to 3 horizons with 
unspecified sedimentary inclusions (coded Us), BH #1 contains 2 
intervening breccia zones (coded Ub) at depths 22.50 m (40.50 m above sea 
level - asl) and 14.50 m (48.60 m asl), each about 15 cm thick. the above 
interpretation This hole is quite close to the INVES outcrop and these 
unspecified sedimentary breccia zones may be similar or equivalent to the 
basal SCSSA Facies Association of the INVES outcrop as mentioned above. 
Although the breccias could be localized pods and not necessarily related to 
the outcrop facies, the above inference is based on the assumption that 
Cook's description of the breccias referred to these breccia zones in BH #1. 
However, had the primary bedding characters been absent, these breccia 
zones could be referred to the Lavas and Hyaloclastite or Submarine Debris 
Flows Facies Associations. Submarine volcanic aggradation, at least in part 
penecontemporaneous with sedimentation, is indicated. 
8.3.3.5 Synthesis and Conclusion 
As sea level changes were considered to be gradual and insignificant during 
the middle/upper Broughton Formation time (see Section 8.3.2.2), 
sedimentation was primarily controlled by volcano-tectonic effects and 
sediment supply. 
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Whereas seafloor aggradation and gradual volcano-tectonic uplift prior to 
eruptions contribute to the raise of the base level, post-volcanic deflation of 
the magma chamber causes subsidence and accompanying transgression of 
the sea floor (Sloan and Williams, 1991). However, multiple eruptions, 
apparently in close succession, and a high level of sediment supply might be 
able to reduce the impact of subsidence, as suggested in the case of the Dapto 
Latite Member. It appears that the effect of net aggradation or net subsidence 
would be localized and variable depending on the extent and location of the 
magma chamber, the frequency of the eruptions, quantity of the lava 
emplaced, sediment supply and basinal processes. 
The initial emplacement of the Dapto Latite Member on the sea floor must 
have been at depth similar to the offshore setting represented by the ILRL Y2 
location (Fig. 8.3). This is strongly supported by the presence of an extensive 
development of an offshore sand-sheet facies during the middle Broughton 
Formation time (discussed in Section 8.3.5). Also, the sedimentary sequences 
below the Dapto Latite Member exposed along the coast between 
Shellharbour and Port Kembla contain HCS and 'turbidites' (Barry, 1997), 
which indicate a similar storm-influenced setting. Upward, these HCS beds 
give way to amalgamated SCS/HCS sequences with wave ripples just below 
the initial Dapto emplacement in the Port Kembla area. This is interpreted 
to be upper offshore to lower shoreface aggradation, probably partly related 
to a raise of base level due to uplift prior to volcanism. The multiple-flow 
Dapto Latite Member shows evidence of volcanic aggradation 
penecontemporaneous with sedimentation (Section 8.3.3.4). The net effect of 
aggradation is recorded in the sediments deposited on the lavas in the 
Flagstaff Hill areas (see Section 8.3.3.2). The detailed process-response 
oriented sedimentological studies in Chapter 5 proved that the depositional 
site aggraded to the point where a storm- and wave- dominated upper 
shoreface gradient was attained enabling the deposition of swaley cross-
stratified sediments. This progressive shallowing up of the seas eventually 
allowed the alluvial environments to prograde over the depositional site. 
The Dapto Latite Member is thickest in the Flagstaff Hill area, where it 
probably contained its vents too (Carr, 1984). Small-scale transgression 
inferred at the base of BH UWl (see Section 4.2.6 and Appendix 2.2.6) about 
10 km north of the BH FH2 and reported occurrence of a deeper water 
offshore facies at Wollongong Light House location, Flagstaff Poih.t (Jones, 
1986) may suggest compensatory subsidence in the surrounding region of a 
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large magma chamber and the associated Dapto uplift and appears to be 
localized in the continuum of the regressive and progradational sequence 
recorded by the latite-dominated middle and upper Broughton Formation 
(integrated models presented in Sections 8.3.5 and 8.3.6, respectively). 
A source-proximal, rapid sedimentation, very significantly land-derived, is 
strongly indicated for these sequences. This points to an upslope subaerial 
extension of the submarine volcanism for which there is no preserved 
direct evidence in the basaltic flows of the Dapto Latite Member. This is 
commonly expected of ancient basaltic volcanoes in marine settings. As 
Ayres et al. (1991, p. 175) suggested, the emergent, subaerial edifice of many 
such volcanoes, being small in relation to the total submarine volcano area, 
is destroyed by intense subaerial and wave erosion. Thus, the absence of 
direct evidence of emerged volcanic islands is partially compensated for by 
indirect evidence contained in the volcaniclastic sequences deposited on the 
submarine slopes of these volcanoes. This is also supported by modern 
examples, for instance, the submarine slopes of the Hawaiian island 
volcanoes manifest that gravity-induced flow and reworking have produced 
a veneer of volcaniclastic sediments linked to shore and nearshore processes 
(Ayres et al., 1991, p. 185). Furthermore, plant fossils in the marine 
sediments associated with the Dapto Latite Member and the presence of the 
volcaniclastic alluvial deposits upsequence are also important evidence. All 
these evidences and analogy with other studies, strongly indicate a landmass 
of volcanic origin that existed during the time the Dapto Latite Member was 
emplaced. 
A number of contextual evidences, when considered in combination, 
indicate a generally north-northeasterly to northerly oriented 
palaeoshoreline with a westerly dipping shoreface (see Section 5.2). These 
are: the sandy and coarse-grained wave ripples (?northerly-oriented shore-
parallel ripple crests); the high angle cross-beds interpreted to have been 
formed by offshore directed storm relaxation currents; the westerly dipping 
palaeotopography of the Lavas and Hyaloclastite Facies Association; the 
bounding surface of the Submarine Debris Flows Facies Association; and a 
southwesterly prograding alluvial system interpreted for the younger 
UNRLYl outcrop exposed in the vicinity of the INVES outcrop (Section 
8.3.3.2 and Fig. 8.3). 
If the northern, storm-influenced BH UWl location is a clue (see Section 
4.2.6 and Appendix 2.2.6), a barrier system and tidal influence were also 
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present in the upper part of the latite-dominated upper Broughton 
Formation; the record of which might have been destroyed by erosion. 
However, this is uncertain. 
The younger subaerial latites of the Pheasants Nest Formation (e.g. Berkeley 
Latite Member), erupted in the same regional geographic setting (see 
Chapter 6), indicate ultimate evolution of the depositional basin to one of 
terrestrial volcanism and sedimentation. This is consistent with the 
arguments being presented here in favour of a progradational shoreline 
model for the latite dominated boundary interval between the Pheasants 
Nest and Broughton Formations. 
A schematic model (Fig. 8.4) depicts a Late Permian depositional setting 
during the time the latite dominated boundary interval lithologies between 
the Broughton Formation and the Pheasants Nest Formation were formed 
in the southern Sydney Basin. 
8.3.4 Depositional Model of Upper Berry Siltstone and Lower Broughton 
Formation 
Reference: Figs 8.1, 8.2 and 8.5 
8.3.4.1 Interpretation of Depositional Architecture 
The most conspicuous features of the upper Berry Siltstone and lower 
Broughton Formation are their interdigitating depositional architecture, 
the shoreface sands and the overlying below storm wave base offshore sands 
and the flooding surface recorded in these sequences (Figs 8.1 and 8.2). An 
interpretation of these phenomena is crucially important for understanding 
not only the regional depositional processes, also, it has far reaching 
implications regarding basin evolution, volcano-tectonic conditions and sea 
level changes (elaborated in Section 8.6). 
Most of the lower Broughton Formation is distinguished by thick beds of 
bioturbated massive sandstone occurring in many borehole sequences. As 
detailed in Chapter 4 and Appendix 2, the sequence shows a complete lack of 
interbedded structured fades including hummocky cross-stratification. The 
monotonous and thoroughly bioturbated homogenous sands, many with 
continuously mottled fabric, poor sorting of the sand-sized .. abundant 
volcanic rock fragments and significant mica indicate low-energy (below 
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effective=-wave-base) offshore areas showing no evidence of direct storm 
wave emplacement through about a 40 m thick lithified sediment pile. 
An energetic volcaniclastic shoreface deposition is recorded in the 
lowermost Broughton Formation in the southern and mid-eastern parts of 
the basin penetrated by BH Huntley 7, Wollongong 21 and 35, which was 
succeeded by the below storm wave base offshore condition of the lower 
Broughton Formation like other areas (Fig. 8.1). These were segments of 
generally southerly and easterly shorefaces which interfingered with the 
silty offshore facies of the coeval upper Berry Siltstone to the west. Near the 
western cratonic margin (BH Nattai 1 and Oakdale 1), these offshore settings 
we.re relatively distal with respect to the proposed volcaniclastic-dominated 
shorefaces in the east and south and, thus, also retained signatures of 
sediments derived from the west (Figs 8.2 and 8.5). A transgressive event 
resulted in the deposition of the lower offshore sands above the shoreface 
sands. The transgression continued as evident by the character of the 
bioturbated sands and silts and a marine flooding surface is assumed to have 
occurred as indicated in Section 8.2. 
The general distribution of the lower offshore sands needs to be examined 
before an explanation of their mode of emplacement is analyzed. The 
inferred palaeogeographic boundary between the eastern lower offshore 
sands of the lower Broughton Formation and the western lower offshore 
silts of the Berry Siltstone was a large-scale, wiggly transitional zone (as 
opposed to a sharp boundary) oriented south-southwest to north-northeast 
given the gradational and interdigitating relationship between the two 
formations (Fig. 8.5). These offshore sands constituted a laterally' extensive 
sand belt, ~+mCl.te.d. to be more than 20 km wide. Both south-to-north and 
west-to-east transects (Figs 8.1 and 8.2, respectively) showing similar 2-
dimensional attributes of the offshore features suggest that the lower 
offshore sands constituted a large-scale wedge-shaped body with its thickness 
reaching up to 40 m or more (original depositional thickness must have 
been greater before compaction and lithification). It is proposed that it be 
called the "lower offshore sand-belt" of the lower Broughton Formation. Its 
eastern boundary appears to have been wedged in a few places by Berry 
Siltstone (e.g. BH Alliance Cataract 1), however, the trend cannot be 
confirmed as this boundary is little known because of lack of well control in 
the east. A study of the log report of BH Camden 53 (cores are not available) 
suggests that it has a bioturbated sandy sequence in its lower pottion which 
is probably similar to the equivalent interval in BH Wollongong 35 (see Fig. 
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1.6 for location). In general, it appears that the lower offshore sand-belt is 
wider in the mid-north marked by Wollongong 35 and Camden 53 
positions, but southeast of Camden 53 in Alliance Cataract 1 position, finer-
grained Berry Siltstone occurs (Figs 8.2 and 8.5). However, west of BH 
Alliance Cataract 1 at Wollongong 21 shoreface sands overlain by lower 
offshore sands occur again that are very similar to Wollongong 35. Towards 
the south, the belt probably widens again extending from Huntley 7 location 
in the west to the latite-dominated lower Broughton Formation in the 
southeast (Kiama-Gerringong region). This distribution of the lower 
offshore sand-belt and the location of the underlying shoreface sands 
recorded by certain boreholes vis-a-vis the lower offshore silts of the Berry 
Siltstone, suggest that multiple provenances for these volcaniclastic sands 
were located in the south/southeast and east and were characterized by 
apparently disjointed volcanic masses, some of which, because of greater 
physical separation from each other allowed the offshore silts to 
interdigitate with the lower offshore sands as was the case with BH Alliance 
Cataract 1 position. This interpretation is justified by the background 
tectonic and physiographic setting outlined in Section 1.1.2 which suggested 
a volcanic island chain in the east during this time. The interpreted settings 
of the equivalent latite-dominated lower Broughton Formation in the 
Kiama-Gerringong region, with suggestions of emergent volcanic 
landmasses, also support this explanation (see Section 8.3.2.1). The shoreface 
deposits encountered in the lowermost Broughton Formation in certain 
boreholes, thus, represent the shorefaces of these volcanic source areas 
superimposed on the overall offshore realm represented by the Berry 
Siltstone. 
8.3.4.2 Sediment Transport and Dispersal and Implications 
First, it is necessary to know whether the thick bioturbated massive beds 
(Facies Smb ), common in the lower Broughton Formation, were deposited 
at one time and then completely reworked before another sequence was 
deposited or they are amalgamated thinner beds. 
There are several processes through which the sediment dispersal might 
have occurred for the deposition of the offshore sands of the lower 
Broughton Formation, e.g. density currents (turbidites), storm emplacement 
("tempestites", sensu Ager, 1974, cited by Swift, 1985; Aigner, 1982) river-
derived floods ("inundites", sensu Brackett and Bush, 1986) and tidally 
influenced currents. The sands could be deposited in the offshore region 
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through any combinations thereof. Except for tidal deposits, all other 
mechanisms involved multiple event beds. Thus, the sharp internal 
contacts in the bioturbated massive sands do not provide a clue other than 
suggesting any kind of multiple event origin. 
Rhoads (1967, cited by Driese et al ., 1991, p. 320) mentioned that extensive 
burrowing in modern intertidal environments can completely rework the 
top 10 cm of sediment piles in 1-2 months whereas 30 cm of reworking takes 
several years. Referring to bioturbated Silurian shelf sandstone, Driese et al. 
(1991, p. 320) believed that 2-3 m of sand were not first deposited, and then 
completely reworked; rather the discontinuous bedding plane surfaces 
within otherwise massive and homogeneous, single thkk beds indicate 
amalgamation of successive thinner beds. Driese et al., (1991, p.320) 
concluded, " ... deposition of sand was not slow and continuous, but was 
characterized by intermittent deposition followed by thorough bioturbation 
of both the most recently deposited bed and earlier bioturbated beds 
(Howard, 1978)". This explanation is also applicable to the thoroughly 
bioturbated muddy sandstones of the thick, amalgamated sequences 
represented by the offshore sands. 
The next question that needs to be addressed is the mode of emplacement of 
these predominantly sandy deposits. The reasons for the occurrence of sands 
in lower offshore environments instead of mud, and the eustatic and 
tectonic controls on sedimentation are examined in Section 8.6. 
The thick beds of bioturbated, massive shelf sandstones (Silurian) from the 
southern Appalachians (USA), believed to be deposited by storms, were 
considered to be amalgamations of successive thinner beds hinted by 
discontinuous remnants of bedding plane surfaces (Driese et al ., 1991, p. 
320). The inundites derived from river floods are also known to form 
extensive deposits on shelves (e.g. Brackett and Bush, 1986). The suggested 
mechanism of sand transport to the shelf is through decelerating flows 
carrying sands in suspension clouds during waning stage of storm flows or 
hyperpycnal underflows of river-derived floods, as interpreted for the below 
wave base volcaniclastic sediments of the basal Tryfan Fach Member 
(Ordovician), North Wales, UK (Orton, 1995). Such river-fed underflows are 
known to carry sands a long distance, for example, they pass offshore as a 
plane jet off the San Lorenzo River in California, U.S.A. (Hicks and Inman, 
1987, cited by Orton, 1995). However, it is very difficult to dist_inguish 
turbidites from tempestites (Swift, 1985), especially only from core 
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investigation. Nevertheless, one implication is certain, as it has already been 
mentioned: internal attributes of the massive bioturbated deposits indicate 
low-energy (below effective-wave-base) offshore areas. 
It is likely that multiple depositional processes were responsible for the 
transportation and deposition of these sediments. The chief mechanisms 
could be sand transport to the offshore region via suspension clouds formed 
by intermittent, episodic events such as storm flows and/ or river-flood 
derived underflows. The proximity of the volcanic source areas, seasonal 
meltwater floods in a periglacial climate (see _below) and the resulting 
increased sediment supply were a significant advantage. The sediments 
could also have been transported to a retrograded shoreface for subsequent 
dispersal to the offshore regions. The lesser northwesterly palaeocurrent 
mode obtained from the latite-dominated Broughton Formation outcrops 
(See Section 8.3.2.3) might indicate the shore-transverse palaeocurrent 
recorded in the shallow coastal areas in the southeastern part of the 
depositional basin. The generally westerly palaeoslope of the Late Permian 
emergent volcanic masses bordering the southern Sydney Basin (Veevers et 
al., 1994a) also indicates that the sediments would be carried down the 
depositional gradient, at least initially, to the west, northwest or north-
northwest depending on the physiography and mutual relations of the 
disjointed volcanic masses along the eastern orogen. 
As mentioned in Section 8.3.2.1, influence of offshore tidal currents was 
noted for the equivalent latite-dominated lower Broughton Formation unit 
of the Westley Park Sandstone Member (Bull and Cas, 1989), which recent 
work proved to be a dominant transport and depositional process forming 
large sandwaves (Hitchen, 1997). The major palaeoflow mode of 
northeasterly directed, tidally-influenced longshore currents operative 
during the Westley Park Sandstone Member time (see Section 8.3.2.3) might 
also have redistributed the sands in the study area to the offshore region 
subparallel to the shoreline of the eastern volcanic island chains. The 
favoured interpretation is that periodically formed large sandwaves 
migrated to the north and northeast and were fed to the lower offshore 
sand-belt where they lost their depositional fabric due to greater water depth 
and associated bioturbation. Northeasterly reworking of sands by longshore 
currents into shoals, although producing much high energy features, was 
also noted during the lower Nowra Sandstone time with sediments being 
derived from the southern cratonic land sources with minor contribution 
from the west (Le Roux and Jones, 1994). A significant 
., 
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penecontemporaneous subsidence, higher rate of sedimentation and a 
deeper water setting occurred in the northern basinal areas than the 
southerly location of the Westley Park Sandstone Member in the Kiama 
region, which facilitated the accumulation and preservation of thick 
bioturbated deposits. This made an aggradation to high energy, positive 
relief improbable and rendered the currents much less rigorous for the 
burrowing animals. These animals, thus, had a far greater chance for 
continued survival destroying all evidences for causative sedimentary 
processes. Also, the poorly sorted, immature and in many places, micaceous 
deposits suggest that mass flows and turbid underflows, probably of lower 
intensity and frequency conducive for the survival of the burrowers, could 
be another mechanism for sediment transport and dispersal. Mass flows 
including turbidity flows were also believed to have been operative in the 
deposition of the lower unit (Westley Park Sandstone Member) of the latite-
dominated lower Broughton Formation (see Section 8.3.2.1). Massive 
and/or variably graded deposits commonly encountered in the borehole 
sequences (Chapters 2 and 4) might have originated from sediment gravity 
flows induced by the collapse of the structurally and depositionally 
oversteepened slopes, in addition to the original river-derived underflows. 
In fact, variously triggered sediment gravity flows (e.g. gravitational collapse 
of oversteepened progradational wedges, storm waves, submarine 
volcanism, earthquakes etc.) are most likely to occur in a volcanically and 
tectonically active setting. 
The lower offshore setting of the Berry Siltstone was, by and large, a 
transgressive sediment blanket with zones of mixing of fine-grained quartz-
rich and volcanolithic sediments mainly occurring in the western part of 
the basin, west of the lower offshore sand-belt. Farther west, the Berry 
Siltstone becomes conspicuously sandy and quartz-rich and contains 
carbonaceous materials (BH Nattai 1 and Oakdale 1). A proximal offshore 
sedimentation, dominantly sourced from a vegetated, cratonic drainage 
basin, is interpreted. These quartz-rich sandstones probably prograded over 
the central offshore silt like its eastern volcanolithic counterpart, the lower 
offshore sand-belt, following the cessation of the maximum flooding event. 
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Sediment supply 
The very significant influence of palaeoclimatic control on sedimentation is 
examined in Section 8.7. 
In a temperate periglacial setting, episodic meltwater flows mobilizing large 
volumes of volcaniclastic materials enroute to the seas were instrumental 
in sediment supply. Rapid deposition and resedimentation recorded by the 
poorly sorted and relatively immature sands in the Broughton Formation 
indicate that these were probably supplied to the seas through sediment-
laden meltwater discharges. Land-derived, episodic meltwater floods 
reaching the seas are also supported by Hitchen's (1997) finding of large fossil 
logs in the shallow marine sands in the Westley Park Sandstone Member of 
the lower Broughton Formation. The sediment transport model, presented 
herein, assumes periodic underflows in the seas from river-derived 
meltwater floods and/ or floodflows across sparsely-vegetated coastal ring 
plains of the volcanic islands debouching into the seas in the form of 
progradational sandskirts as interpreted for the Jamberoo Sandstone 
Member at BH ERl location (see Section 8.3.5.2). Sediment-laden flows 
produced a rapidly prograding shoreline and unstable delta front. Once in 
the shallow marine setting, these sediments were then redistributed 
through various basinal processes including tidal currents, storm waves and 
sediment gravity flows, as mentioned in the preceding section. 
8.3.4.3 The Broughton Seaway 
Jones (1990) alluded to a protected shallow marine environment in the 
southern Sydney Basin shielded from the influence of open marine 
influence by volcanic island chains during the upper Shoalhaven Group 
and the lower Illawarra Coal Measure time and referred to the depositional 
imprints of such a setting like the first appearance of restricted marine fauna 
in the upper Berry Siltstone, the lateral compositional variations in the 
form of quartzose sediments in the west and volcanolithic sediments in the 
east and the lateral transitional relationships of the upper Berry Siltstone 
and lower Broughton Formation. 
The above plus the following findings of the present integrated study 
confirm that the southern Sydney Basin had configured to be a restricted 
seaway by the lower Broughton Formation time caused by a north.:.northeast 
oriented volcanic barrier extending from the Nowra-Gerringong area: 
,-\ 
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disseminated carbonaceous detritus and micaceous sediments in many 
places indicating lack of wave-dominated/-influenced regime, remarkable 
dominance of bioturbated facies and relative lack of direct storm wave 
deposits throughout the depositional basin, the implications of depositjonal 
architecture, importantly the lower offshore sand-belt and sediment 
transport and dispersal patterns. 
The volcanic islands formed a physiographic barrier against open marine 
wave attacks and basin subsidence ensured that the wave bases were not 
significantly raised (see Section 8.6). 
It is proposed that this restricted shallow marine setting be referred to as the 
"Broughton Seaway". 
8.3.5 Depositional Model of the Middle Broughton Formation 
Reference: Figs 8.1, 8.2 and 1.6 
8.3.5.1 Interpretation of the Depositional Architecture 
Almost all boreholes penetrating middle Broughton Formation show a 
strikingly common feature: a generally above storm wave base offshore and 
likely lower shoreface depositional setting. Basinwide two-dimensional 
geometry both in south-to-north and west-to-east transects (Figs 8.1 and 8.2, 
respectively) indicate a remarkably uniform depositional architecture 
during the middle Broughton Formation time. This is distinguished by 
amalgamated, laterally extensive sand sheets with cumulative thicknesses 
ranging from 10-40 m. Along the south-to-north transect (Fig. 8.1), it has a 
relatively uniform thickness averaging 30-40 m. Along the west-to-east 
transect (Fig. 8.2), a thinning trend is recognized from 40 m in the east and 
central areas to 10 m in the west. This sedimentation pattern was 
widespread throughout most of the depositional basin except for the fringe 
areas in the south (BH ERl; Fig. 8.1) where there is a complex lateral facies 
change involving the Jamberoo Sandstone Member, as discussed later, and 
in the west (Fig. 8.2), where it either did not reach (BH Oakdale 1) or it 
onlapped onto the cratonic basin margin sediments before thinning out 
beyond the study area (BH Nattai 1). This nearly layer cake depositional 
architecture represented by the middle Broughton Formation is called the 
"upper offshore sand-sheets". It is stressed that the above storm·.wa:ve base 
depositional gradient in the offshore areas was an averaged condition 
'• 
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indicating the presence of storm wave actions over the time continuum 
represented by the sheet-sands, however, there were base level fluctuations 
in time and space whereby below storm wave base conditions also occurred. 
The base and top of the westward thinning lower offshore sand-sheets 
probably suggest a time-transgressive evolution, that is, lateral facies 
developments within the sand-sheets were not necessarily synchronous. 
It's relationship with the underlying lower offshore sand-belt of the lower 
Broughton Formation and the lower offshore silt of the Berry Siltstone is 
gradational and in some cases, it pinches out between the lower offshore 
fades and the shallower shoreface fades as in the northwest (BH Oakdale 1). 
The preserved storm beds (e.g HCS) and intercalated massive bioturbated 
sandstone and laterally extensive sheetlike geometry of the sandy outcrops 
of the latite-dominated middle-upper Broughton Formation from 
Shellharbour to Wollongong, including greater Wollongong area (ref. 
Sections 8.3.2.2 and 8.3.3 and Ch. 5), and the Kiama Sandstone Member of 
the latite-dominated lower Broughton Formation (ref. Section 8.3.2.1) have 
depositional similarity with the upper offshore sand-sheets of the middle 
Broughton Formation. In a genetical stratigraphic sense, these sand-
dominated outcrops can now be linked up with the rest of the depositional 
basin containing offshore sand-sheets. This indicates extensive 
development of the time-transgressive upper offshore sand-sheets 
throughout the depositional basin between the initial below storm wave 
base sands of the lower Broughton Formation and the shoreface to marginal 
marine environments of the upper Broughton Formation. 
The upper offshore sand-sheets of the middle Broughton Formation needs 
to be examined in the interpreted depositional context of the upper Berry 
Siltstone and the lower Broughton Formation detailed in the preceding 
section. Clearly, above storm wave base upper offshore sand-sheets 
represent aggradational sedimentation burying the laterally varied sand-silt 
sequences of the below storm wave base lower offshore setting. The layer 
cake depositional architecture of the dominantly volcaniclastic sediments 
with variable storm wave regimes has important implications as follows. 
., 
8.3.5.2 Depositional Model of the J amberoo Sandstone Member and 
Implications 
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Volcanism evident in the latites of the southeastern outcrops and emergent 
subaerial landmasses in the south and east continued to act as source areas 
for massive input of volcarenites as was the case with the lower Broughton 
Formation. As this section demonstrates, apart from the latites and their 
implications for the source areas discussed in Sections 8.3.2.1 and 8.3.22, an 
important source is inferred from the coeval, volcanically-influenced fan 
environments represented by the Jamberoo Sandstone Member of the latite-
dominated middle Broughton Formation in the mid-southern part of the 
depositional basin (BH ERl in Fig. 8.1). An analysis of the lateral fades 
change and the depositional environment represented by this part of the 
middle Broughton Formation is needed in view of the possible implications 
for the supply of sediments to the upper offshore sand-sheets. 
Within a span of about 6 km of distance, the upper offshore environments 
of the Broughton Seaway recorded in BH Huntley 7 passed into the shallow 
waters and the subaerial conditions represented by the Jamberoo Sandstone 
Member in BH ERl (see Section 4.3.2 and Appendix 2.3.2). A subaqueous 
depositional surface aggraded through rapid deposition of volcaniclastic 
sediments. A volcanic alluvial fan primarily constructed through 
outbuilding of its aggradational sandskirt by remobilizing the 
primary I proximal fan materials as sandy hyperconcentrated flood flows. 
The prevalence of rooted horizons suggests a distal setting - most likely a 
ring plain of a volcanic alluvial fan in the coastal areas. The subaerial flows 
of the Minnamurra Latite Member of the Pheasants Nest Formation were 
subsequently laid down. 
Overwhelmingly sandy deposits of hyperconcentrated flood flows in the 
subaerial part and its gradational relation with the underlying subaqueous 
sediments with similar textural and gross sedimentologic features suggest 
that a typical coarse-grained alluvial fan delta was not present at the BH ERl 
location. This could be related to distance of the shoreline from the volcanic 
sources. On the other hand, as McPherson et al. (1987) pointed out, lack of 
stream flow deposits with well-developed sedimentary structures (e.g. cross-
bedding) and presence of sediment gravity I fluidal flow deposits rule out a 
river or braidplain alluvial delta (sensu Nemec, 1990). Consequently, it 
appears that a delta was constructed through outbuilding of the sandskirt of 
a volcanic alluvial fan and was a mixed type between a pyroclastic delta and 
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alluvial fan delta which was dominated by epiclastic hyperconcentrated 
flood flows. Sheetfloods across sparsely-vegetated coastal ring plains of the 
volcanic islands debouching into the seas are also possible. It is suggested 
that these kinds of deltas probably acted as significant sources and 
depositional conduits for the deposition of the middle Broughton 
Formation and also, probably for lower Broughton Formation. Tremendous 
amount of sediments shed from the southern volcanic alluvial fans not 
only supplied sands to the Broughton Seaway, but also choked the seas in 
the proximal areas resulting in rapid change of offshore fades to shoreface 
and subaerial fans as seen in the southern part of the basin between BH ERl 
and Huntley 7 (Fig. 8.1). 
It was suggested that the redbeds of the J amberoo Sandstone Member were 
deposited in deltaic floodplains (Bowman, 1970, Gol be-Y-j 1 · 1972). Recently, 
Retallack (in press) identified palaeosols, called Harvey pedotype, formed on 
the airfall tuffs in the floodplains of the upper Jamberoo Sandstone 
Member(?). This palaeosol also supported taiga woodland like its basal 
Kiama Sandstone Member counterpart. Since the typical redbeds of the 
Jamberoo Sandstone Member and the overlying Saddleback Latite Member 
are not known to have cropped out in coastal sections, and also considering 
the palaeosol horizon's stratigraphic occurrence below the Dapto Latite 
Member, it is apparent that certain exposures of the shallow marine 
sediments between the Bumbo and Dapto Latite Members are 
stratigraphically equivalent to the Jamberoo Sandstone Member and the 
palaeosol horizons. Thus, these sediments exposed between Shellharbour 
and Port Kembla represent storm-influenced sedimentation in the offshore 
region in the northeast which was coeval with the southwesterly subaerial 
landforms of the Jamberoo Sandstone Member. 
8.3.5.3 Sediment Transport and Implications 
The southern and eastern volcanic masses shed a great quantity of sand to 
the Broughton Seaway with a subordinate contribution from the western 
cratonic margin during the middle Broughton Formation time, similar to 
the lower Broughton Formation time. BH ERl, located in the mid-southern 
part, probably acted as one of the transport corridors for sediment input into 
the basin (see Figs 1.6 and 8.1). Sediment discharge to the shallow waters 
occurred in a similar way as suggested for the lower Broughton Formation. 
However, additional evidence for mass flows, namely hyperconcentrated 
flood flows, contributed to the development of sandskirts in the proximal 
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shallow waters represented by the Jamberoo Sandstone Member (see Section 
8.3.5.2). 
Barry (1997) briefly referred to his palaeocurrent data from the latite-
dominated middle Broughton Formation as offshore currents depositing 
tempestites. Further explaining the above, it is suggested here that having a 
rather high angle of dip of 25° (up to 28°), the planar cross-beds appear to be 
angle of repose cross-beds formed in response to storm relaxation currents. 
These currents might have been directed towards the deeper and more open 
waters of the offshore environments in the northeast. The relatively 
uniform depositional architecture of the upper offshore sand-sheets, with 
evidence for storm bed composite fades associations (e.g. HCSSA, SDLMB, 
etc.) and storm influences in the Kiama Sandstone Member and middle-
upper latite-dominated Broughton Formation (Sections 8.3.2.1 and 8.3.2.2, 
respectively), suggest that the main mechanism for sediment dispersal and 
redistribution was through wave actions in a storm-dominated setting. 
Regarding the tidal influences on sedimentation in the middle Broughton 
Formation, lack of evidence from the outcrops, reported by other workers 
(see Section 8.3.2.2), leads to the formulation of the two alternative 
hypotheses as follows. 
(1) Tide-generated currents were present but remain unrecognized: if the 
Westley Park Sandstone Member of the latite-dominated lower Broughton 
Formation is a clue, the major mode of unidirectional currents to the 
northeast for the latite-dominated middle Broughton Formation could 
represent longshore currents flowing subparallel to the volcanic island 
chain like the similarly flowing palaeocurrents in the Westley Park 
Sandstone Member (See Section 8.3.2.3). 
(2) Tidal influence was absent: tidal sedimentation has not been recorded by 
other researchers in the latite-dominated lower to middle Broughton 
Formation including the Kiama Sandstone Member (see Section 8.3.2.1). 
Barry (1997) did not interpret any tide-generated currents and argued against 
tidal influences in the latite-dominated middle Broughton Formation. 
The author suggests that although recognizable tidal processes have not 
been documented in the upper offshore sand-sheets of the middle 
Broughton Formation represented by the borehole sequ~·nces, the 
phenomena were unlikely to be absent but were probably locally controlled 
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and also, dominant wave processes might have masked, minimized or 
destroyed the imprints of tidal sedimentation. 
8.3.6 Depositional Model of the Upper Broughton Formation 
8.3.6.1 Lateral Fades Changes 
The upper Broughton Formation is generally marked by shoreface and 
shoreline progradation. The shoreline evolution, in case of each borehole 
location, is summarized in Chapter 4. The regional interpretation, given 
below, synthesizes these information in the light of the lateral facies changes 
reflected in the transects (Figs 8.1 and 8.2). 
Between BH Huntley 7 and ERl in the southern region, the underlying 
trend of the Jamberoo Sandstone Member's dominantly alluvial fan and 
prograding sandskirts in the shallow waters buffering the upper offshore 
environments was beginning to be replaced by a delta development north of 
BH Huntley 7 during the upper Broughton Formation time (Fig. 8.1). This 
was possibly in response to a significant reduction in the sediment discharge 
and increase in stream competency upslope in the south with the onset of 
the Pheasants Nest Formation. A probable example is given by the channel 
deposits overlying the Minnamurra Latite Member of the Pheasant Nest 
Formation in BH ERl location (see Appendix 2.3.2). 
The main deltaic environments in BH Huntley 7 laterally passed northward 
into lower deltaic plain and prograding subaqueous distributary or tidal 
channels indicating apparent existence of deltaic deposition almost halfway 
through the south-north transect. Between BH Wollongong 13 and 35, the 
northeasterly prograding shoreline (explained below) underwent a complex 
environmental gradation with a barrier system encroaching and 
interfingering with the deltaic subenvironments. A poorly defined barrier 
system, possibly along an interdeltaic linear shoreline, started to develop 
from the BH Wollongong 35 location northward (Figs 1.6, 8.1 and 8.2). This 
became a dominant depositional environment in the Broughton Seaway as 
recorded by BH Nattai 1 from the midwest, BH UWl and Alliance Cataract 1 
in the east and the northernmost location at BH Bootleg 8. The subsiding 
interdeltaic bay or lagoons recorded in the central areas probably indicate 
intra-basinal processes like delta switching or compaction-related subsidence 
in the central basinal areas rather than eustatic -causes or -b~sinwide 
basement subsidence as no regional evidences are documented. 
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Tidal influence also became conspicuous progressively toward the northeast 
locations including BH Nattai 1 in the west but dominant in the 
northernmost location of BH Bootleg 8. Extensive tidal flats in BH Bootleg 8 
indicated prograding low-energy, tide-influenced beach-barrier 
environment or open coastal tidal flats. However, there is no regional 
evidence for macro- or meso-tidal domination that could cause an 
extensive, open tidal flat on the shoreline. 
8.3.6.2 Interpretation of Depositional Architecture and Regional Setting 
The south-to-north transect shows lateral accretion on dipping clinoform 
surfaces suggesting offlapping of progradational wedges mainly from a 
generally southern direction (Fig. 8.1). This is characterized by deltaic 
progradation in the southern part mainly up to BH Wollongong 13. An 
increasing influence of progradational barrier system starts to appear from 
north of BH Wollongong 13 and thicker barred shoreface-shoreline 
environments are noted from BH Moonshine 7 A northward. 
The west-to-east transect (Fig. 8.2) shows a uniform rectangular geometry 
(sheet in 3-dimensions). The south-to-north transect is transverse to the 
depositional strike and subparallel to the depositional dip, whereas the west-
to-east section is either subparallel to the depositional strike or this section 
actually transected the basin from midwest to mideast representing a later 
stage in the diachronous evolution of the basin processes and environments 
producing barrier sheet sands. The latter is favoured because the central 
borehole sequences in the south-to-north transect also shows a similar 
sheetlike character of the shoreface sands. 
The latite-dominated upper Broughton Formation in the southeastern 
locations probably records an earlier stage in the evolution of the Broughton 
Seaway compared to the later-stage infilling of this seaway recorded in 
central part of the basin. Offshore storm bed deposition (HCS and flat beds) 
followed by SCS deposition on the shoreface occurred in a volcanically-
influenced setting. Source-proximal, aggradational shallow marine 
sedimentation progressed from offshore to foreshore environments. The 
depositional settings were characterized by debris flow, ice-rafting and 
storm- and wave-dominated sedimentary processes active on a north-
northeasterly to northerly oriented shoreface dipping to the west (Section 
8.3.3). This shoreface was founded on a submarine volcanic slope. 
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8.3.6.3 Sediment Transport, Sense of Progradation and Conclusion 
The palaeocurrent data come mainly from the latite-dominated 
southeastern outcrops indicating northeasterly directed flow (Section 
8.3.2.3). The isopach data for the Broughton and lower Pheasants Nest 
Formations also indicate the same, although they represent cumulative 
thicknesses spanning these lithologic units (Fig. 8.6). The northeasterly-
oriented palaeoshoreline with a northwesterly-directed offshore flows and 
northeasterly longshore currents, also directed toward to the deeper offshore 
areas to the northeast, are a portrayal of transport patterns of some volcanic-
dominated islands in the southeast during the upper Broughton Formation 
time. 
The compositional variations are similar to those seen in the lower 
Broughton Formation except for conspicuously more quartzose sediments 
in the central, western and northern boreholes. In the south and east, the 
sediments are primarily volcanolithic with minor quartzose sands. 
The depositional architecture, palaeocurrent, isopach and compositional 
data confirm that the main sense of progradation during the upper 
Broughton Formation was toward the northeast starting with the major 
source areas in the southern sector. A significant hint of a contribution from 
the western cratonic areas is apparent in the greater amount of quartzose 
sediments in the western and northern boreholes and in the isopach 
patterns (Fig. 8.6). 
A synopsis of the above study shows a regional depositional pattern of 
northeastward diachronous progradation of the southern shoreline, which 
progressively filled up the Broughton Seaway, as follows: 
Subaerial volcanism and epiclastic sandskirts developed through a mixed 
deltaic progradation ranging between pyroclastic delta and alluvial fan delta 
during the middle Broughton Formation time (BH ERl) -> alluvial delta 
and deltaic subenvironments (Huntley 7, Wollongong 13) -> diminishing 
deltaic and increasing non-deltaic/inter-deltaic influences (between BH 
Wollongong 13 and 35) -> mostly non-deltaic/inter-deltaic, apparently 
barred shoreline (BH Wollongong 35, Moonshine 7 A) progradation with 
greater influence of tide increasingly towards the northeastern botehole (BH 
Bootleg 8). This suggests waning physiographic influence of the Gerringong 
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volcanic barriers making way for increased wave and tide domination, 
progressively distal shoreline evolution and less influence of subaerial river 
systems (deltaic) on the shallow marine depositional regime. 
., 
8.4 DEPOSITIONAL FRAMEWORK OF THE PHEASANTS NEST 
FORMATION 
8.4.1 Introduction 
A brief account of the previous work on the Pheasants Nest Formation is 
given in Chapter 1. 
Complex and frequent spatial facies changes are inherent in alluvial 
depositional systems - even within a very short reach. This is, in fact, a basis 
of lateral profile analysis, including architectural element analysis, which 
has been undertaken for the Pheasants Nest Formation wherever outcrop 
conditions permitted. Because of this spatial variability inherent in alluvial 
depositional systems, no palaeoenvironmental correlation between 
boreholes has been attempted in Figures 8.1 and 8.2. 
Although brief references are occasionally made to implications concerning 
tectonic, sea level changes and palaeoclimate, these topics are discussed 
separately in Sections 8.6 and 8.7. 
8.4.2 Palaeocurrents from the Pheasants Nest Formation 
Table 8.2: Palaeoflows from Unanderra Railway (UNRLY) Series and 
Interpretation 
Location 
UNRLYl 
UNRLYl 
UNRLY2 
UNRLY2 
UNRLY4 
UNRLY4 
UNRLY4 
UNRLY4 
UNRLY5 
UNRLY5 
References: 
Mean Attitude 
SW 
SW to SSW 
w 
NWtoN 
w. 1°-3° 
NW (285°) 
N&NW 
NW 
(285° -320°) 
NW to NNW 
(315°-350°) 
N&NE 
Interpreted Data Sources 
trough cross-beds from LA, SF, ISB elements 
minor scour-axes (SF elements) 
lava flows on the floodplains 
planar cross-beds from gravelly channel-bars 
dip of palaeosol horizons (PH element) 
major and minor scour-axes (SF elements) 
laterally accreted trough cross-beds making up 
up a major scour-fill element (SF-1 ) 
cross-beds (majority of readings in the upper 
part making up a DA element) 
planar cross-beds from apparent DA element 
minor scour-axes transverse to macroform 
UNRLYl, UNRLY2, UNRLY4 and UNRLY5 outcrops (see Sections 6.2, 6.3, 6.4 and 
6.5, respectively); DA = Element Downstream Accretion m.acroform; LA = Element 
Lateral Accretion macroform; PH = Element Palaeosol Horizon; SF = Element Scour-fill; 
ISB = Element Independent Sandy Bedform. 
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Palaeocurrent trends from the coastal areas north of Wollongong are shown 
in Figure 8.7. 
8.4.3 Implications of Outcrop Studies of UNRL Y Series: Aspects of 
Subaerial Fan Sedimentation 
8.4.3.1 Subaerial Fans - the Reasons 
The UNRL Y series outcrops are interpreted to be parts of a sub aerial fan 
system on the basis of the following points. 
1. Regional setting and palaeogeography favouring fan deposition, such 
as subaerial volcanoes in the source areas. This is indicated by the 
following: 
(a) The UNRLY series outcrops show a generally westerly palaeoflow 
(see Section 8.4.2). The regional setting (see Section 1.1.2) suggests 
that these palaeoflows, being sourced from the eastern orogen, 
represent alluvial fan progradation transverse to the structural 
grain of the basin (a roughly north-south oriented basin axis). 
(b) The sandstone is dominantly composed of subangular to 
subrounded basaltic rock fragments, fresh plagioclase feldspar 
crystals and plant fragments. A short distance transport is 
indicated. 
(c) An integrated regional palaeoenvironmental study referring to, 
among others, the INVES and SFWYl outcrops, immediately 
below the UNRLYl sequences, indicates subaerial upslope 
extension of the submarine volcanism and progressive 
shallowing-up of a shallow marine, volcanic-dominated setting 
that evolved into an alluvial environment (See Section 8.3.3). 
(d) The Berkeley Latite Member from the UNRLY2 outcrops is 
interpreted to be a subaerial flow (See Section 6.3). Also, the 
following features from the outcrops further attest to the 
influence of the subaerial volcanic domain under which the 
Pheasants Nest Formation was deposited: vesicular volcanic clasts 
ranging in size from pebbles to boulders from the channel 
deposits of the lower and middle Pheasants Nest Formation (see 
UNRL Y2 and UNRL YS locations, Sections 6.3 and 6.5, 
respectively); reworked glass shards in the -interchann:el sediment 
from the middle Pheasants Nest Formation (see UNRLY4 
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location, Section 6.4); and an excellent example of an ash-fall 
deposit containing well-preserved glass shards from the lower 
Pheasants Nest Formation at a recently excavated location at the 
University of Wollongong (B.G. Jones, pers. communication, 
1997). Among the examples of ashfall deposits from the borehole 
sequences, a spectacular sample with desiccation cracks from the 
lower Pheasants Nest Formation from BH Wollongong 13 (see 
Fig. 3.1) attests to epiblastic event in a ponded interchannel 
setting. 
Subaerial volcanism represented by the Minnamurra Latite 
Member and volcanically-influenced fan environments are 
interpreted for the Pheasants Nest Formation and the underlying 
Jamberoo Sandstone Member of the Broughton Formation in the 
southern sector of the study area (see Sections 4.3 and 8.3.5.2). 
Subaerial volcanic highlands in the south and east are inferred to 
be the major source areas for the deposition of the underlying 
Broughton Formation (Section 8.3.2). 
The above indicate that the subaerial fan environments were a 
common setting before and during the deposition of the 
Pheasants Nest Formation. 
2. Lack of body fossils. 
3. Episodic flows, rapid sedimentation and discharge fluctuation 
associated with meltwater flows under periglacial climatic conditions 
are interpreted for these sequences (see Section 8.1.2). Glaciofluvial fans 
are ideally produced in such climatic and regional settings (e·:g. Church 
and Ryder, 1972; Boothroyd and Ashley, 1975; Boothroyd and 
Nummedal 1978; Clark, 1987; Dec, 1992; Eyles and Eyles, 1992). 
4. Bed load sedimentary structures, mainly cross-bedding and scour-and-
fill sedimentary structures, are mentioned to be characteristic of 
subaerial fan associations (Reineck and Singh, 1980, p. 306). Both are 
very common in UNRLYl-segment 1 and UNRLY4 and UNRLY5 
outcrops. In addition, UNRL Y5 location contains coarse-grained 
hyperconcentrated flood flow deposits, strong evidence in support of 
subaerial fan sedimentation (McPherson et al., 1987). 
5. Dominance of sheetflood, as evident by the abu~dance of tr<;mgh cross-
beds and flat beds, is noted in UNRLYl. The sheetflood deposits are also 
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significantly present in other UNRL Y series outcrops. One of the most 
favourable depositional settings for the generation of sheetflood and 
production of dominant trough cross-bedding is distributary alluvial 
environments, notably alluvial and terminal fans (e.g. Bull, 1972; Rust, 
1979; Nilsen, 1982; Graham, 1983; Sobhan, 1985; Collinson, 1986; Kelly 
and Olsen, 1993; Saddler and Kelly, 1993). 
8.4.3.2 Alluvial Style and Depositional Model for UNRLYl Location 
Alluvial Style Represented by the UNRL Yl Outcrops: 
References: Section 6.2 and Figs 6.1, 6.2 and 6.3 
The basal Pheasants Nest Formation exposed at UNRLYl location sheds 
light on the alluvial style which, with various degrees of modifications, 
continued to dominate the depositional environments during the 
Pheasants Nest Formation time represented by the UNRLY2, UNRLY4 and 
UNRLY5 locations (Chapter 6) and the southern sector in the Robertson-
Huntley areas (Section 4.3). This is why a further analysis of this outcrop 
location is given in this section, in addition to its detailed description and 
interpretation in Section 6.2 (see Figs 6-1 for the vertical profile and 6.2 and 
6.3 for the lateral profiles). 
As indicated in point l(c) in Section 8.4.3.1, a volcanic-influenced, 
aggradational shallow marine environment is quite likely to evolve into a 
coastal-plain dominated by a sheetflood-prone depositional surface and 
vegetated interchannel areas. Thus, a distributary zone of sedimentation 
developed on a distal fan surface is the likely setting for the UNRL Yl 
sequences. Lack of appreciable coarse-grained materials and dominance of 
fine-grained sheetflood deposits in interchannel areas suggest a distal fan 
setting. The proximal fan sedimentation coeval with UNRL Yl location 
either is not exposed or might have been lost through erosion along with 
the records of subaerial volcanism that produced these sequences. 
A tricky problem, in the interpretation of alluvial style, is the reported lack 
of clarity in distinguishing streamfloods from sheetfloods (e.g. Rust, 1979; 
Hogg, 1982; Collinson, 1986; Graff, 1988; Kelly and Olsen 1993) - for instance, 
between erosively-based sheets related to channel migration· and episodic 
sheetfloods. Rust (1979, p. 9) said that the sheetflood and stream-channel 
deposits on subaerial fans can rarely be distinguished in the rock record. 
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This is exacerbated by scanty information from modern sheetfloods (Kelly 
and Olsen, 1993). Here the lateral profile of UNRLYl-segment 1 provides 
some insights, although not complete because of limited lateral extension of 
the outcrop and the unexposed lower bounding surface. 
Without the lower bounding surface being exposed, the macroform cannot 
be related to a channel. By the same token, it cannot be generalized as a bar 
since its compound form cannot be related in scale to the width of a channel 
(Miall, 1982, p. 20; Collinson and Thompson, 1989, p. 77). 
The geometry of the macroform-top and its internal architecture showing a 
series of easterly dipping 3rd order accretionary surfaces with an appreciable 
angle of inclination (see Section 6.2.4.2 and Fig. 6.2-a) suggest that the 
macroform had been accreting in relatively deep water, at least locally. 
Considering the maximum thickness of the exposed part of the macroform 
(3+ m), the water depth was probably 4-6 m. This is not favoured by a purely 
unconfined, vast expanse of a sheetflood depositional surface. 
Ruling out unconfined flow, the next question concerns the degree of 
confinement. 
Channel confinement 1s related to sinuosity. In general terms, broadly 
confined channels have low-sinuosity, and confined and incised channels 
have high-sinuosity. However, a definitive interpretation regarding the 
regional sinuosity of channels cannot be gained from the studies of one 
macroform or one large outcrop alone, although likely inferences regarding 
local sinuosity are still possible. Keeping in mind this important limitation, 
a low-sinuosity channel is tentatively interpreted for UNRL Yl. The reasons 
are: 
(1) Relatively low dispersal of palaeocurrent direction is noted singularly 
from UNRLYl location and from the UNRLY series outcrops 
considered in this study (see Section 8.4.2). 
(2) The macroform upper bounding surface with a fine-grained band on 
top of it are largely preserved. It apparently marks the base of a 
succeeding macroform deposition (see Fig. 6.2). Taking this to be a 
typical basal nature of the macroform, the overall preservation of these 
basal features does not favour incision by a confined channel. 
(3) Generally homogeneous bedload sediments (fine- to medh1m-grained 
sandstone) and the probability of episodic flow events with stage 
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fluctuations (explained later) would favour low-sinuosity deposition 
on a fan surface rather than high-sinuosity channels. 
(4) Lateral accretion surfaces are well-developed in certain sections of the 
macroform complex, although not dominant throughout its entire 
breadth. Some braided river deposits include mid-channel and bank-
attached macroforms and are reported to have very significant 
contributions to their developments from lateral accretion (Allen, 1983; 
Bristow, 1987; Miall 1988a). Moody-Stuart (1966) and Bristow (1987) 
noted that lateral accretion surfaces in deposits of channels with high 
width/ depth ratio have very low angle of inclination. It implies that 
the rather high angle of inclination of 3rd order bounding surfaces in 
the eastern part of the macroform may indicate low width-depth ratio 
channel, hence probably, an incised channel with high-sinuosity. But 
this does not favour points 1-3 above. The following interpretation, 
proposed herein, explains the high angle of inclination of the 
accretionary surfaces and is also favoured by other evidences 
mentioned in points 1-3 in support of a low-sinuosity, channelized 
flow. 
High flow-stage episodic discharge in a channelized setting was capable of 
truncating a macroform at a relatively high angle. Also, rapid deposition 
contributed to macroform aggradation and development of relatively steep 
dipping sides analogous to the high-angle avalanche face of a rapidly 
accreting sandwave formed by aggrading 2-dimensional megaripples. The 
accretionary surfaces represent sides of an evolving macroform in a channel 
which probably did not have a remarkably broad channelized flow, i.e. a 
channel with extremely high width-depth ratio appears to be unlikely. It 
probably had a width-depth ratio that could facilitate sheetfloods but it was 
also deep enough to allow in-channel macroform deposition and continued 
vertical aggradation through stacking up of macroforms. The nature of the 
macroform is uncertain. However, either bank-attached or mid-channel bars 
are likely depositional forms that do not contradict any reasoning contained 
in points 1-4 above. 
A note of caution is introduced regarding the above interpretation: since this 
interpretation is based on a single outcrop it is a likely but not a certain 
interpretation. Also, not much information regarding the sinuosity of a 
channel can be gleaned from a section of the macroform complex containing 
lateral accretion surfaces. Even an overwhelming presence of these surfaces 
throughout the length of a macroform only enables the determination of 
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local sinuosity - the orientation/ evolution of a macroform with respect to 
channel trend for a local-outcrop mean as opposed to a regional mean. The 
latter can be statistically determined by averaging a sufficient number of 
local-outcrop means (Miall, 1993). Another factor is the reported occurrence 
of both downstream and lateral accretion surfaces in different parts of the 
same macroform or a large outcrop from some modern and ancient 
examples (Bristow, 1987; Miall and Turner-Peterson, 1989; Miall, 1993). This 
should be taken into account when using accretionary surfaces to determine 
palaeochannel sinuosity and to define macroforms in terms of accretionary 
trends. 
Depositional Model for UNRL Yl Sequences: 
An important element that needs to be considered in developing a 
depositional model for UNRL Yl location is the implications of the 
preponderance of trough cross-beds of segment 1 and sheetflood deposits of 
segment 2 and, to a lesser extent, of segment 3 (see also point 5 in Section 
8.4.3.1). These deposits are also significantly present in other UNRLY series 
outcrops. Abundant trough cross-beds can form in a number of 
environments. These include laterally unconfined to broadly channelized 
settings, as on terminal fans (e.g. Kelly and Olsen, 1993) and distal alluvial 
fans (e.g. Nilsen, 1982). Broad, shallow channels may cut into the sandy 
substrate and bedload is transported as dunes both within the channels, as 
aggrading dunefields, and as sheetfloods not centred on channels (Kelly and 
Olsen, 1993, p. 363, 366-367; Sadler and Kelly, 1993, p. 379-380). Also, trough 
cross-beds may be prevalent in sandy braided rivers as shown by the South 
Saskatchewan River in Canada (Cant and Walker, 1978). Unlike the 
UNRLYl example, planar cross-beds are present in the upper part of its 
sequence but its depth of 3-5 m is comparable. 
The depositional evolution of the macroform-complex is schematically 
illustrated by block diagrams (Fig. 8.8) and is explained in detail as follows. 
Fields of 3-dimensional megaripples (Element Independent Sandy Bedform) 
were laid down from southerly to southwesterly flowing sheetfloods 
sweeping the western and central part of a low-sinuosity, broadly confined 
depositional surface. At the initial stage, before a macroform had developed, 
the depositional surface was relatively broad and shallow. As the bedforms 
coalesced and grew in size, an incipient macroform with dipping sides 
developed. The incipient macroform started out as either being attached to 
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the western/northwestern bank (beyond the outcrop limit) or as an in-
channel depositional form that later attached itself to the western margin of 
the channel as it grew in size. Then the bedforms began accreting towards 
the southeast through aggrading megaripple fields. With further growth of 
the macroform, the flow became relatively focused in the southeastern part 
with the accompanying deepening of the channel bottom and erosion of the 
eastern channel margin. Further southeastward lateral accretion was 
facilitated as the channel became more confined and deeper in the 
southeastern part. 
The growth of this macroform was largely through a complex field of 
southwesterly mobile 3-dimensional megaripples that migrated over and 
oblique to the southeasterly dipping accretionary surfaces. As the bedforms 
further grew in size, shallow scours often cut across this depositional form 
and were quickly filled up by megaripple fields or scour-and-fill structures. 
Episodic flows, typical of a fan setting, are capable of such scouring events. 
Kelly and Olsen (1993, p. 363, 367) suggested that many channels in the 
distributary zone of a fan are shallow and small, and are quickly filled up by 
dune bedforms. This is especially true in depositional environments under 
the influence of seasonal climatic regime, such as flash floods in semi-
arid/ arid regions or meltwater flows in proglacial regions, which wax and 
wane rapidly. 
The number of southeasterly dipping accretionary surfaces decreases towards 
the middle and western parts of the outcrop, where evidence of successive 
channelization and preponderance of independent sandy bedforms are 
noted instead of the generally southeasterly dipping 3rd order accretionary 
surface-based wedge geometry (down-lapping and stacked) typical of the 
eastern part. The series of scours have a generally southwest to south-
southwest strike (4th-e order surfaces) and they were filled by megaripples 
fields migrating to the southwest with a weak component toward southeast 
and northwest. The above scenario suggests that the middle and western 
parts of the macroform were built up by independent sandy bedform 
migration and aggradational channelization with a weak lateral accretion 
contribution. This interpretation is supported by a major point of 
channelization with strike similar to other channels in the middle part of 
the outcrop (Fig. 6.2-b ). This was an important part of channelization and 
bedform migration in the body of the macroform that even destroyed the 
4th(a) order upper bounding surface of the macroform, the only area where 
the 4th(a) order surface is missing. 
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The characteristic features of plant debris-rich, laminated fine-grained bands 
associated with 4th(a) and some 3rd order surfaces are interpreted as a low 
flow stage lithofacies draping the macroform (Kirk, 1983; Wizevitch, 1992). 
In places, intertonguing very shallow troughs and wedges have produced a 
planar stratification style in broad perspective that characterizes this band. 
These features are a product of low-stage scouring from falling water surface 
run-off on the macroform-top that accumulated poorly sorted sediment and 
plant debris in them. Fluctuating flow discharge is indicated. This is quite 
likely in a periglacial climate which typically shows considerable waxing and 
waning of flow stages. 
Regarding emergence of the macroform, there is no relevant evidence on its 
top or within its body, which is a consequence of preservation (Kelly and 
Olsen, 1993, p. 352). More importantly, a wet periglacial climate would not 
favour formation of features of subaerial exposure like desiccation cracks. As 
mentioned in Section 8.1.2, sparsity of desiccation cracks - even in the 
interchannel deposits - is a remarkable phenomenon in the Pheasants Nest 
Formation. In addition, no distinct evidence of exposures is usually seen on 
many modern exposed macroforms even in warm climates (e.g. Gilbert 
., 
River macroforms, B.G. Jones, pers. communication, 1997; some large bars of 
the Ganges and Brahmaputra Rivers, author's tentative observations, 1990). 
Miall (1991, p.10) pointed out that the convex-up shape of a fluvial 
macroform defined by 4th(a) order bounding surface, is not commonly 
present in the rock record, because the 4th(a) order surfaces are planed off 
during subsequent erosional events. Wizevitch (1992, p. 35), however, 
suggested that they are preserved if channels are abandoned rapidly. In the 
present study, the macroform-top is generally preserved with only a small 
missing part and is overlain by a similar type of cross-bedded sandstone 
lithosome (weathered upper part of UNRLYl-segment 1). It appears that the 
depositional locus temporarily shifted away, which is very common in 
subaerial fan sedimentation, allowing the macroform to be mantled by the 
fine-grained bands and then, it shifted back again initially through 
aggradational channelization that cut into the macroform-top (the missing 
part of the 4th-a surface). 
The evidence for breaching and other small-scale scours on the macroform-
top and the apparent presence of a similar type of cross-bedded sandstone in 
the weathered upper part of UNRLYl-segment 1, indicate that probably 
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another similar macroform was superimposed on the lower one. 
Accordingly, the top of the fine-grained band mantling a significant portion 
of the 4th(a) order bounding surface, together with the rest of the 4th(a) and 
4th(e) order surface, probably mark the base of a succeeding macroform 
suggesting renewed sedimentation. 
Summing up, the above depositional scenario indicates low-sinuosity 
distributary zone of sedimentation on the distal fan surface. 
Subsequently, as a part of the inherent fan processes, the depositional locus 
shifted, making way for interchannel environments to take hold. In such 
environments, the sheet-like form of the prevalent fine-grained 
carbonaceous materials indicates an unconfined, low-gradient or flat 
depositional surface with little relief. 
Upper plane beds and low-angle cross-stratification, the common proximal 
interchannel fades of segment 2 (see Fig. 6.1), are interpreted as follows. 
Upper plane beds are produced from bedload transport by an advancing 
sheetflood on a subaerial fan and these beds can also form crevasse splays in 
inter-channel areas with the low-angle cross-stratification representing 
avalanche face of an aggrading fan lobe or crevasse lobe (Sobhan, 1985, p. 88). 
In fact, crevasse splays, many being characteristically interbedded with 
floodplain mud, are commonly formed by the introduction of sediment 
laden water into the interchannel areas by breaching natural levees (erosive-
based crevasse splays) or overtopping the bank as sheetsplays with non-
erosive bases (Reineck and Singh, 1980; Collinson, 1986; Wizevitch, 1992). 
Episodic introduction of sand into the interchannel areas as sheetfloods and 
sandy splays has also been recorded by other workers (e.g. O'Brien and 
Wells, 1986; Kelly and Olsen, 1993). 
The deposits of segment 3, being finer grained and more carbonaceous than 
those of segment 2, suggest a distal setting (See Figs 6.1 and 6.3). An 
overbank interchannel environment became dominant, perhaps through 
even farther shifting of the depositional locus. In this way, the area in 
question progressively became a distal interchannel setting or a floodbasin. 
It received intermittent sheetfloods depositing fine sediment and plant 
materials. Occasional high energy floods, through crevassing, were able to 
scour the interchannel areas. The fine-grained sediment character of the 
depositional surface, along with its very low-gradient, and the fiii.e-:grained 
sediment load in the distal sheetflood, ensured the development of small-
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scale, high-sinuosity channels. It is inferred that these floodplain crevasse 
channels were probably the distal reaches of proximal and more sandy 
crevasse channels but this could not be confirmed because of lack of suitable 
exposures in segment 2. 
The above palaeogeographic reconstruction of UNRL Yl location is 
illustrated through a schematic model presented in Figure 8.9. 
8.4.3.3 Summary of Depositional Evolution in UNRLY2, UNRLY4 and 
UNRL YS Sequences 
UNRL Y2 Location: 
Reference: Section 6.3 
The UNRLY2 location is distinguished by the presence of westerly-moving 
pahoehoe lavas over shallow, subaqueous interchannel mud. The pahoehoe 
toes and lobes are inferred to have been formed from viscous, less mobile 
magmas issued from tubes several kilometres from the vent(s). The lavas 
might have plugged a pre-existing channel and the gravelly bedload deposits 
in the vicinity of the lavas probably suggest post-eruptive channel-flows. 
Vertical upward relations reflect a cycle of interchannel laminated splays, 
swamps, sandy sheetflood deposits and back to interchannel swamps again. 
UNRL Y 4 Location 
Reference: Section 6.4 
The UNRLY4 location contains a preserved record of a more varied alluvial 
style and depositional history than the older sequence at UNRLYl location. 
A large-scale depositional form (probably a macroform with scours) 
containing aggrading megaripples fields was contiguous with interchannel 
settings in the lowest part of the outcrop. The dynamics of the northwest-
oriented scours (Element Scour-fill), including a major one channelling 
gravels and sands through it and a minor distributary channel feeding the 
interchannel areas with sheet-splays, are noted. An evolution of the upper 
part of the interchannel sheetflood deposits into low-lying, poorly-drained 
swampy soil conditions that supported large trees is recognized. This 
probably developed on a regional scale. Then, avulsive events, marked by a 
5th order bounding surface, buried the soil horizon and trees under the 
thick deposits of sandy bedforms (Element SB). Flash dischargei(with high 
sediment load slowing the energy of the flow which did not knock out the 
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trees but suffocated them in growth positions are interpreted. The sandy 
bedforms with a west to northwesterly (240°-320°; dominantly 285°-320°) 
palaeoflow and stacked-up sheetlike geometry constituted a down-flow 
accretion (DA) macroform. Like UNRL Yl and UNRLY2 sequences, it was 
succeeded by interchannel fine-grained deposition. 
UNRL YS location 
Reference: Section 6.5 
The coarse-grained scours and sandy and gravelly bedforms, predominant 
in the lower part, in di ca te channelized flows. Some of these channels also 
acted as conduits for hyperconcentrated flood flows during periods of heavy 
sediment discharge. These flows probably originated as lahars triggered by 
heavy discharge due to greater than average seasonal flows including 
meltwater floods (also aided by volcanic eruptions?) in the volcanic source 
areas. Farther up, as channel-fills and bedform aggradation smoothed out 
the local relief on the depositional gradient, sedimentation became less 
confined and channel-centred. 
A large, complex, sandy and coarse-grained macroform accreting 
downstream (Element DA) in a north to northwesterly direction is apparent, 
which was dissected by north-northeasterly flowing channels in the lower 
part. 
8.4.3.4 Overall Model for Subaerial Fan Sedimentation 
The lower Pheasants Nest Formation at the UNRL Yl location indicates low-
sinuosity distributary channel sedimentation in a distal fan setting. It 
contained aggrading megaripple fields and scour-and-fill structures mainly 
in a lateral accretion macroform (Element LA). The diffusely planar cross-
stratified, bedload gravel deposits in UNRLY2 location indicates braid bars in 
a channel abutting against a pahoehoe lava flows. The middle Pheasants 
Nest Formation (UNRL Y 4 location) also shows a sub aerial fan setting like 
UNRL Yl location but with more pronounced scouring processes, a palaeosol 
horizon in a poorly drained interchannel area and avulsive events leading 
to the formation of a down-stream accreted macroform (Element DA). The 
younger UNRL YS sequences are similar to UNRL Y 4 sequences in their 
upper parts. Both sequences have a restricted palaeocurrent spread generally 
to the west and northwest, an overwhelmingly sandy bedload, repeated 
scour-fills and evidence for flash discharges which suggest a broadly focused, 
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down-flow accretion on the braidplains of a distal fan setting. Cowan (1991) 
suggested that DA with tabular sheets of tractional sand bodies with little 
scouring are indicative of sheets of fan deposition. These might be sheet-like 
channels of braidplains which have gentle slopes (few degrees or less), 
imperceptible channel margins, a very high width-depth ratio (> 100), 
dominantly sand or gravel load and contain multistorey fills of sandy 
bedforms (Miall, 1985). In brief, various depositional features suggest a 
braided subaerial fan setting for the lower and middle Pheasants Nest 
Formation. 
The climate had a strong influence on sedimentation. However, braided 
deposits occur in many environments and the records of the continental 
glacial conditions (if these originally existed in the study area) are mostly 
destroyed by non-glacial processes. Thus, interpretation of glaciofluvial 
deposits is difficult to establish and must rely on evidence for a periglacial 
climate and facies (Eyles and Eyles, 1992). A periglacial climatic connection, 
which includes the influence of meltwater discharges in the supply and 
deposition of the sediments during both the Broughton and Pheasants Nest 
Formations, is interpreted in Section 8.1.2. In addition, UNRLY5 location 
contains hyperconcentrated flood flow deposits infilling the scours in the 
lower parts which interfinger with the sandy braided deposits and pass 
upward into tabular sheets of sandy bedforms (Element DA). They indicate 
seasonal braided stream activities and access of streams to mass-wasting 
processes - an important periglacial facies association (Eyles and Eyles, 1992). 
The sandy and coarse-grained fan processes centred around the depositional 
loci were accompanied by significant interchannel deposition of proximal 
sandy and distal fine-grained splays caused by high flow stage floods. 
Palaeosols and significant swamps developed when the depositional locus 
shifted away within the expanse of the braidplain belt or formed relatively 
incised channels whereby the interchannel areas developed low-lying 
poorly-drained swamps away from the levees. These kinds of interchannel 
environments are common in the fluvial environments, including the 
outwash plains. For instance, the braided outwash fans (Scott and Yana fans) 
developed on the coastal plains of the northeastern Gulf of Alaska have well 
established vegetated interstream areas, localized high sinuosity channel 
reaches (including lateral macroforms), active overbank sedimentation and 
adjacent low-lying wetlands of interchannel marshes (Boothroyd and 
Ashley, 1975). 
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Although a radiating palaeocurrent trend is expected on a fan, this can only 
be determined from regional palaeocurrent data obtained from a coeval 
lithologic interval of well-exposed outcrops. The nature of the Pheasants 
Nest Formation outcrops does not permit this. In fact, the use of this 
criterion is very limited in ancient studies because of outcrop constraints. 
However, in the present case, it is likely that instead of point sources, the 
braided fan deposits were fed by multiple meltwater sources like the coastal 
glaciofluvial outwash systems on the south coast of Iceland and Alaska 
(Miall, 1992). 
Extreme diurnal and seasonal variabilities in glaciohydrological regime are 
common and are reflected in marked fades contrasts (Jopling and 
McDonald, 1975). Volcanic eruptions may have also added to the sediment 
and flow discharges and induced further melting of ice (climatic influence is 
further explained in Section 8.7). The points of differences in the 
depositional fades among the UNRL Y series locations probably reflect these 
extrabasinal causative variations in flow discharges and sediment supply 
and the intrabasinal dynamics inherent in the fluvial processes. 
8.4.3.5 Fan Nomenclature 
The philosophy advocated by Stanistreet and McCarthy (1993) for a broad-
based, rather than a reductionist, approach to the classification of subaerial 
fans is used in this study. Accordingly, the subaerial fans recognized in the 
lower and middle Pheasants Nest Formation fall into the category of 
'braided fluvial fans' with subordinate sediment gravity flows. Since they 
were formed in a wet periglacial climate, they may also be called periglacial 
braided fans. 
Although outwash plains/ sandar beyond the ice margins of glaciarized high 
relief areas are yet to be documented for the Late Permian sequences, the 
'braided outwash fan', considered to be a model for humid alluvial fan 
developed on the proglacial Alaskan and Icelandic outwash plains 
(Boothroyd and Ashley, 1975; Boothroyd and Nummedal 1978), may provide 
some degrees of climatic similarities affecting the depositional processes. 
8.4.4 Integration of Palaeoenvironmental Studies of Outcrops 
In a stratigraphic continuum from the lower to middle Pheasants Nest 
Formation in the south, sedimentation reflects volcaniclastic fan 
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outbuilding in the form of periglacial braided deposits. Having a generally 
northwesterly palaeoflow trend (Section 8.4.2), the UNRLY series indicate 
that fan sedimentation was sourced mainly from volcanic source areas in 
the southeast/ east, that is, transverse to the roughly north-south oriented 
structural grain of the basin. The present distribution of the Gerringong 
volcanic suite (Harper, 1915; Carr, 1984; Veevers et al., 1994a) also indicates 
such an alignment. Subaerial lavas in the Pheasants Nest Formation flowed 
toward the west following the palaeoslope - the pahoehoe flows of one of 
these latite units (Berkeley Latite Member) are documented in the UNRLY2 
location. In addition, ash-fall deposits, volcaniclastic materials including 
fresh feldspar crystals, volcanic rock fragments, vesicular volcanic gravels, 
etc., indicate the influence of a volcanic-dominated setting. 
The sandy splay-dominated interchannel environments and vegetated 
interchannel settings were also common. Evolving from the shoreface-
shoreline sedimentation attached to the submarine-subaerial volcanic 
barrier represented by the underlying upper Broughton Formation in the 
east (see Section 8.3.3.5), initial fan sedimentation primarily occurred on the 
coastal plains (see Fig. 8.4). A distal fan setting is recorded by the UNRLYl 
location indicating a distributary zone sedimentation with low-gradient 
interchannel sheet splays and vegetated floodplains. The 
west/northwestward progradation of the braided fluvial fans during the 
lower and middle Pheasants Nest Formation in the south was concurrent 
with a northeasterly trending alluvial plain. This is indicated by the 
palaeocurrents measured from the northern outcrops in the coastal areas 
(see Fig. 8.7). These locations also show a palaeocurrent swing from 
northwesterly flows in the southern exposures to northeasterly flows in the 
more northerly outcrops. Some of these northern outcrops' have been 
interpreted to represent more distal and gentler gradient areas than their 
southern counterparts (Section 6.7). Also, Bamberry (1991) suggested the 
possibility of alluvial fans in the southern sector (Robertson-Huntley areas) 
and its transition to lower-gradient, high sinuosity fluvial system in the 
northern outcrops areas. It is speculated that the northern sequences 
represent an alluvial style intermediate between a high-gradient, low-
sinuosity and low-gradient, high sinuosity single or multiple channel 
(anastomosing) systems - possibly approaching the latter in view of the 
interchannel depositional environments interpreted for selected outcrops 
from the upper Pheasants Nest Formation (see below). Unfortunately, poor 
and patchy outcrop conditions did not allow ·a definite·;. detailed 
determination of the alluvial style. 
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The upper Pheasants Nest Formation is characterized by finer grained 
carbonaceous sediments with subhorizontal beds of appreciable lateral 
extension (UNRLY7 location, see Section 6.7). Flat or very low-gradient 
depositional surfaces of interchannel settings, probably interdistributary 
swamps or mires on coastal plains, facilitated the deposition of these 
sediments. Very low-gradient depositional surfaces with vegetation 
stabilizing the channels, vegetated wetlands (swamps/mire) and finer grain-
size indicating distal sources suggest that high-sinuosity (meandering) or 
anastomosed alluvial systems might have developed during the deposition 
of the upper Pheasants Nest Formation. 
8.4.5 Integration of Palaeoenvironmental Studies of Borehole Sequences 
with Reference to the Outcrops 
8.4.5.1 Depositional History from Borehole Studies in the Southern Sector 
Introduction: 
Seen in the light of grossly similar sandy deposits from the UNRLY series 
outcrops (Sections 8.4.3 and 8.4.4), this section provides a conclusion of the 
borehole studies from the southern sector based on Appendix 2.3 and 
Section 4.3. 
The evolution of the subaerial fans, some superposed on the lava flows of 
the Minnamurra Latite Member of the Pheasants Nest Formation, is 
summarized from each borehole location. 
BH ER8: 
The southernmost BH ER8 location contains evidence for significant 
sediment gravity flows (coarse-grained hyperconcentrated flood flow 
deposits) and their upward transition to sheetflood and possibly braided 
stream deposition. Either a relatively proximal to distal fan evolution or like 
UNRLYS outcrops, periglacial braided fan with lahar plains in the lower part 
is indicated (see Section 8.4.4.3). 
BH ERl: 
Whereas the pre-latite (Minnamurra Latite Member) Jamberoo Sandstone 
Member was dominated by a volcanic ring plain aggrad.ation and 
progradation through remobilization of primary fan materials by meltwater 
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discharges, the post-latite Pheasants Nest Formation was marked by distal 
subaerial fan similar to the braided flu vial fan models noted in UNRL Y2 
and 4 locations. This was followed by interchannel environments 
culminating in the peat swamp conditions represented by the Tongara Coal. 
BH ER lOR: 
The 15 cm thick upper horizon of the Minnamurra Latite Member attests to 
a period of subaerial weathering, including frosted palaeosol with seasonal 
freezing-thawing cycles, before the bulk of the sand-dominated sheetflood 
deposits starting with a thin granule lag were laid down. Increasing 
interchannel soil conditions upward are noted. This was followed by swamp 
and peat swamp conditions (Tongara Coal). 
BH DM Huntley 7: 
During the deposition of the Pheasants Nest Formation, braidplain deposits 
prograded over the subaqueous delta of the underlying upper Broughton 
Formation. This was overlain by interchannel sheetfloods deposits with an 
associated upward-increasing palaeosol condition. The succeeding deposits 
record peat swamp conditions followed by prolonged generally 
floodplain/floodbasin mud deposition before the extensive peat swamp 
settings of the Tongara Coal occurred. 
BHEH3: 
Distal subaerial fan environments were followed by peat swamps and 
floodbasin mud deposition interrupted by splay and coarse-grained channel 
sediments. Finally, the peat swamps represented by the Tongara Coal 
prevailed. 
Depositional Model: 
The general interpretation derived from the outcrop studies regarding the 
subaerial fan deposits also applies to these rocks (Sections 8.4.3 and 8.4.4). As 
mentioned, episodic periglacial meltwater flows, and occasionally, volcanic 
eruptions, mobilized large volumes of volcaniclastic materials (as lahars 
when the sediment load was very high) from the source areas. However, the 
southern sector in the Robertson and Huntley areas differs from the UNRL Y 
series outcrops southwest of Wollongong in the following regard: coarse-
grained and sandy materials are more common including coarse-grained 
hyperconcentrated flood flow deposits, more frequent and voluminous 
palaeosol horizons, much less carbonaceous and fine-grained interchannel 
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sediments and the presence of the lava flows of the Minnamurra Latite 
Member and associated weathering profile suggesting frost-action. This 
indicates that the subaerial fan environments in the Robertson and Huntley 
areas were probably more proximal and at higher elevation than the 
UNRL Y series outcrops. 
8.4.5.2 Integrated Interpretation of Borehole Sequences from the Northern 
and Southern Sectors with Reference to the Outcrops 
As mentioned in Section 8.4.1, because of complex and frequent spatial fades 
changes inherent in alluvial depositional systems, palaeoenvironmental 
correlation between boreholes has not been undertaken in case of the 
Pheasants Nest Formation. 
The borecore fades analysis of the Pheasants Nest Formation, presented in 
Appendix 2 and summarized in Sections 4.2 and 4.3, involved graphic fades 
logs detailing the whole ranges of fades successions using a scale of 1:200. In 
order to simplify for the purpose of graphical presentation with a much 
reduced scale in Figures 8.1 and 8.2 (from 1:200 in Appendix 2 to 1:2000 in 
Figs. 8.1 and 8.2), these have been generalized into four interpreted 
subenvironments on the basis of dominant processes in each. These are: 
(a) channel and near channel deposits; 
(b) interchannel sand-dominated splays and splay-turned soil; 
(c) interchannel fine-grained soil, splays, swamp and peat swamp 
deposits; and 
(d) interchannel peat swamp deposits. 
Figures 8.1 and 8.2 indicate that the thin alluvial deposits in the south and 
west become progressively thicker toward the north and northeast basinal 
areas. Considered in the context of the interpreted source areas in the south 
for the middle and upper Broughton Formation (Sections 8.3.5 and 8.3.6) 
and subaerial fans of the Pheasants Nest Formation (Sections 8.4.3.4 and 
8.4.5.1), the condensed sequences extended laterally from BH ERl to BH 
Wollongong 2 and 81 in Figure 8.1 indicate part of the southern transport 
corridor for the deposition of the bulk of the Pheasants Nest Formation. 
These deposits were derived from the volcanic drainage basins probably 
stretching from the southeast to the south which owe their existence to the 
tectonic conditions and depositional evolution during the Broughton 
Formation as detailed before. Whereas the northwesterly progradation of 
the braided fluvial fans interpreted from the outcrop studies probably 
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indicates more southeasterly components of the source areas, those 
represented by the borehole sequences in the southern sector were sourced 
from the generally southern areas. Similarly, condensed sequences of the 
Pheasants Nest Formation in the west (BH Nattai 1 and Oakdale 1 in Fig. 8.2) 
suggest transport corridors for sediments derived from the western cratonic 
drainage basin. This is also supported by quartzite pebbles in channel 
deposits from the BH Nattai 1 sequence and an eastward thickening of the 
isopach for the Pheasants Nest Formation (see Fig. 8.6). 
It is not possible to reliably determine the alluvial style (e.g. channel pattern) 
represented by the Pheasants Nest Formation in the northern sector from 
essentially one-dimensional borehole data that are also widely spread. The 
significant lithological similarities between the outcrops and borehole 
sequences from the southern sector and the inferred knowledge of the 
physiographic setting of the common volcanic source areas were helpful for 
a more specific interpretation for the southern part. However, a great 
increase of fine-grained sediments in the northern sector, frequent vertical 
and lateral changes in the alluvial facies, and sediment introduction from 
the western cratonic sources and their subsequent mixing with the south-
derived volcaniclastic sediments make a more definite interpretation 
difficult for the northern sector. However, a reasonable speculation can be 
made. 
Figures 8.1 and 8.2 show common occurrences of the variably thick sandy 
channel deposits in the lower part of the most borehole sequences in the 
Pheasants Nest Formation. This probably suggests progradation of the low-
sinuosity bedload channels over the shoreline deposits of the upper 
Broughton Formation. A rapid base level fall caused steepening of the 
depositional gradient favouring braided channel deposition (see Section 8.6). 
The subaerial volcanism (e.g. Minnamurra Latite Member) and periglacial 
braided channels, developed on the northerly prograding distal subaerial 
fans in the south (apparently up to a zone beyond BH ERl but before BH 
Huntley 7), fed the subaqueous delta of the upper Broughton Formation 
marked by BH Huntley 7. Thus, the lower Pheasants Nest Formation in the 
southern sector was coeval with the upper Broughton Formation. The lower 
deltaic and inter-deltaic progradation (upper Broughton Formation) farther 
north (midway through the south-north transect between BH Wollongong 
13 and 35) was accompanied by coeval low-sinuosity (braided) channel 
system developed upslope on the upper deltaic plain (the lower Pheasants 
214 
Nest Formation). The latter, represented 'piggyback' progradation over the 
former. Farther northward, an apparent barred shoreline with increasing 
tidal influences was also intimately followed by distributary coastal zone 
sedimentation of the Pheasants Nest Formation. Increasing interchannel 
deposits and frequent vertical fades changes in the middle and upper 
Pheasants Nest Formation in the northern sector probably reflect changes in 
channel patterns. 
8.4.6 Depositional Model of the Pheasants Nest Formation 
A sequential account of the depositional evolution of the Pheasants Nest 
Formation is given below. 
Wave-dominated shoreface setting and westerly-flowing, transverse (to the 
foreland basin axis) braided fluvial fans represented by the basal Pheasants 
Nest Formation developed along the eastern and southeastern volcanogenic 
shoreline (based on Sections 8.3.3 and 8.4.3, Fig. 8.4). Extending to the mid-
south (southwest?), the coastline was apparently arcuate that transformed 
the Broughton Seaway in the southern part of the basin into a shallow bay 
open to the northeast. 
During most of the Pheasants Nest Formation time, the southern, 
southeastern and western basin margins practically served as transport 
corridors for sediments deposited in the basin resulting in the remarkably 
thinner I condensed sequences in these places compared to the central basinal 
deposits. The periglacial fan deposits from the southern sector (Robertson 
and Huntley areas, Section 8.4.5.1) and southeastern parts (outcrops, Section 
8.4.4) delivered vast volumes of volcaniclastic sediment to the basin 
apparently through northerly /northeasterly and northwesterly drainage 
systems, respectively. These greatly contributed to a subsequent northward 
progradation of the shoreline and retreat of the seaway. Quartz-rich 
sediments were also delivered to the basin from the western cratonic margin 
and were transported toward the east as hinted by the west-east transect (see 
Fig. 8.2) and the isopach map (Fig. 8.6). A centripetal sediment transport 
pattern toward a northeast-oriented depocentre probably formed, which also 
meant development of a northeasterly flowing longitudinal drainage 
system. The basin-fill model probably approached a 'retroarc or foreland 
basin' model (Fig. 8.11 ). 
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During the upper Pheasants Nest Formation time, sediments delivered 
from the volcanic source areas were greatly reduced in response to 
exhaustion of the unconsolidated source materials of the periglacial fan 
deposits and denudation of the volcanic source areas. This facilitated the 
cannibalization of the subaerial fan deposits and the extensive development 
of alluvial plain deposits with an axial drainage pattern. Sediment 
cannibalization is a very important process in the development of foreland 
basins with implications for source areas and evolution of channel patterns 
in the basin (e.g. Heller et al., 1989; Dec, 1992), especially so in proglacial and 
paraglacial environments (e.g. Church and Ryder, 1972; Clark, 1987). The 
prevalence of the interchannel environments, including swamps, in the 
middle-upper Pheasants Nest Formation, more frequent change of fades in 
the northern sector (Fig. 8.1) and interpreted depositional environments for 
the upper Pheasants Nest Formation outcrops (Section 8.4.4) suggest that the 
channel patterns probably also changed. 
The resulting model for the upper Pheasants Nest Formation shows a flat 
alluvial plain with low-lying coastal swamps and networks of high 
sinuosity, single channel or multiple channel anastomosing river systems 
developed in a slowly transgressive setting. Given the fact of an impending 
transgression (Erins Vale Formation), development of an anastomosing 
river system during a rising base level situation was likely, as Miall (1982) 
interpreted for the anastomosing belt of the Saskatchewan River in Canada. 
The volcanic source areas would now only be represented by a subdued 
relief. 
Grossly and variably similar depositional settings include the·· following 
examples: 
(a) The Highlands Peninsular Orogens and Quaternary Papuan Foreland 
Basin, Papua New Guinea (Jones et al., 1984). 
(b) As mentioned in Sections 8.4.3.4 and 8.4.3.5, the periglacial braided fan 
environments interpreted for the eastern-southeastern orogenic 
shoreline represented by the upper Broughton and lower Pheasants 
Nest Formations have partial similarities with the outwash fan 
deposits on the northeastern Gulf of Alaska, USA (cf. Boothroyd and 
Ashley, 1975). 
(c) The fluvio-deltaic, Moranbah Coal Measures and upper German Creek 
Formation with axial drainage in the Late Permian Bowen Basin in 
Queensland (a sister foreland basin of the contiguous Sydney-
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Gunnedah-Bowen Basin) were formed following a resurgent arc 
volcanism that yielded vast amounts of volcanolithic sediments (Baker 
et al., 1993; Fielding et al., 1993). Although the German Creek 
Formation was craton-derived, its lower part indicating a lower deltaic 
and shallow marine setting was coeval with the upper deltaic, 
Moranbah Coal Measures (Falkner and Fielding, 1990; Baker et al., 
1993). This appears to be similar to the relationship between the 
Broughton and Pheasants Nest Formations. 
( d) The Karoo Basin in Sou th Africa, although an epicra tonic basin, 
provides examples of similar depositional processes (Hobday, 1987; 
Cairncross, 1989). The lower part of the Early Permian, coal-bearing 
Vryheid Formation (Ecca Group) represents glaciofluvial braided 
outwash deposits and swamps developed during the retreat of the 
glaciers (Cairncross, 1989). The evolution from bedload system to 
anastomosed channels basinward in the Ecca Group was induced by 
resilient peat and vegetation growth and had adverse effects on the 
regional development of uninterrupted peat swamps (without frequent 
channel lenses and detrital interfingering) and consequently, on the 
extension and quality of coal (Le Blanc Smith and Eriksson, 1979; 
Cairncross, 1980, 1989). This phenomena was also likely to be applicable 
to the middle and upper Pheasants Nest Formation and to the 
discontinuous development of the low quality, Unanderra and Figtree 
Coal Members in the Pheasants Nest Formation. However, due to the 
lack of closely-spaced well controls and outcrops, the geometries of 
these coal seams cannot be accurately delineated (Bamberry, 1991). 
Comparison with reports of early fluvioglacial deposits in the southern 
Sydney Basin: 
The influence of a periglacial environment on the Late Permian braided 
fluvial fan deposits of the Pheasants Nest Formation was limited to the 
remobilization and supply of sediments from the volcanic source areas 
through the actions of meltwater flows (see Section 8.7). The Early Permian 
Tallong and Yadboro Conglomerates in the southernmost Sydney Basin 
were interpreted as fluvioglacial sediments deposited in deeply-cut, glaciated 
valleys (e.g. Herbert 1980). Tye et al. (1996) interpreted high energy braidplain 
environments for these deposits. 
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8.5 DEPOSITIONAL FRAMEWORK OF THE ERINS VALE FORMATION 
8.5.1 Introduction 
The previous work (see Chapter 1) indicating a shallow marine origin for 
the Erins Vale Formation, especially Bamberry (1991), is used in this 
discussion. 
The depositional architecture of the Erins Vale Formation is shown in 
Figures 8.1 and 8.2. On the west, this formation is unconformably 
overlapped by the Marangaroo Conglomerate, on the east, disconformably 
by the basal Wilton Formation, while the southern limit represents its 
preserved depositional boundary (Bamberry, 1991). 
The main constraints affecting studies of the Erins Vale Formation are the 
very limited occurrences of outcrops in the eastern coastal areas (see Fig. 1.7, 
Ch. 1) and the lack of palaeocurrent indicators. Other than SCS, sedimentary 
structures are extremely rare in the massive and flat bedded, bioturbated 
outcrops of this formation. The directional data from the SCS beds of the 
upper Erins Vale Formation show random orientation irrespective of 
vertical section (Bamberry, 1991; fig. 36). This is typical of the HCS and SCS 
as they are isotropic sedimentary structures (e.g. Duke et al., 1991). 
8.5.2 Transgressive-Regressive Barrier Island Model 
References: Figs 1.6 (location map), 8.1, 8.2 and A.2.4 (in Appendix 2.2.4); see 
Appendix 2 and Ch. 4 for details of the borehole sequences mentioned. 
The bulk of the Erins Vale Formation is characterized by the remnants of a 
barrier island system in the locations marked by BH Moonshine 7 A, BH 
Wollongong 35 (Fig. 8.1) and BH Wollongong 21 (Fig. 8.2) locations. Since 
BH Moonshine 7 A contains relatively the best preserved record of such a 
system, this borehole sequence is analyzed to develop a model based on 
Appendix 2.2.4 (including Figure A.2.4), Section 3.3.1 (including Figs 3.14 
and 3.15) and Section 4.2.4. 
The contact between the Pheasants Nest and Erins Vale Formations at 608 m 
in BH Moonshine 7 A represents a transgressive phase bringing the former 
alluvial setting under the influence of shallow marine environments. 
From 608-576 m, mostly biologically modified washover fans and lagoonal 
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marsh deposits characterize the bulk of the Erins Vale Formation (see Figs 
A.2.4 and 3.14). These deposits are interpreted to be remnants of a barrier 
island system. 
Barrier island system, dominated by lagoon- and land-ward migration of the 
washover fans, is commonly present in transgressive situations. The 
washover fans and lagoons have a high potential for preservation 
compared to other environmental components of a transgressive barrier 
island system and washover fans are under-reported in ancient studies 
(Reinson, 1992, p. 184-185). 
This discussion refers to the palaeoenvironmental components of a 
transgressive fades over the alluvial Pheasants Nest Formation. The 
interpreted presence of biologically affected subaerial dunes/washover fans 
on a barrier island and washover deposits in a lagoon (Fades Smbr), 
undisturbed examples of subaerial washover fan (Fades Sla) and lagoonal 
marsh (Fades Scdr) suggest a partly transgressive barrier island model for 
the Erins Vale Formation as seen in the context of certain familiar barrier 
island and strand-plain models (e.g. McCubbin, 1982; Reinson, 1992). 
Reinson's (1992, fig. 9) "end member" transgressive barrier model works as 
a reference point, with the present example offering a significant departure 
from it. Reinson's upward transition from lagoon to tidal flat, washover fan 
and marsh, backshore and dune, indicates landward migration of the barrier 
in a continued transgression. The present case with the upward-coarsening 
lagoonal marsh prograding over the washover and dune deposits marks the 
seaward progradation, i.e., by inference, a hint of the start of a regressive 
sequence. This further translates into defining the Erins Vale Formation 
evolution as a package of transgressive-regressive units with a very general 
representation of these two phases by Facies Smbr-Sla and Scdr respectively. 
It appears that a dominant regressive regime destroyed most the evidence 
for transgression leaving a thin transgressive sequence intact. Where only 
lagoonal marsh occurred, as in BH Wollongong 21 and apparently in most 
of the areas southeast of BH Wollongong 35 within the preserved 
depositional limit of the Erins Vale Formation, a transgressive phase in the 
lower part and a regressive phase in the upper part would be expected. An 
influx of coarse detritus in the overall lagoonal marsh would indicate the 
start of a regressive phase. Bioturbation throughout the shoreface sands, 
although decreasing upward, further suggest a low energy barrier system 
like Galveston Island (McCubbin, 1982). 
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Within a restricted occurrence in the central part of the northern sector, the 
components of the low energy barrier island system show the following 
lateral facies changes. A slightly increasing trend in the thickness of the 
lagoonal marsh deposits is noted from north to south before wedging out at 
the southwestern depositional margin where it is overlain by the fan-deltaic 
component of the Erins Vale Formation (Fig. 8.1). To the southeast, 
however, the lagoonal marsh deposits maintain a greater thickness probably 
reflecting low-lying extensive marshy conditions (cf. BH Wollongong 21 in 
Fig. 8.2). The washover fans and dunes rapidly thin within a distance of 2 
km from BH Moonshine 7 A to BH Wollongong 35 and apparently die out 
immediately farther south (cf. BH Moonshine 7 A and BH Wollongong 35 in 
Fig. 8.1). The above suggests that the areas south and southeast of BH 
Moonshine 7 A were extensive marshes on the landward side of a barrier 
system. The dunes, washover fans and shoreface sands probably formed 
north and east (northeast on a regional scale) of BH Moonshine 7 A and BH 
Wollongong 35, representing a progradational barrier system. However, the 
lack of well control in this area disallows a definite interpretation. 
In view of the fan-deltaic influence recorded in the upper Erins Vale 
Formation in the western part of the basin (explained later), it is likely that 
the coarse-grained clasts, biogenically scattered throughout the lagoonal 
marsh deposits, and preserved coarse-grained stringers upward indicate 
distal pulses of fan sedimentation during a late-stage fill prograding from 
the west of the basin. 
8.5.3 Integrated Depositional Models for the Erins Vale Formation 
8.5.3.1 Kulnura Marine Tongue Member and the Lower-Middle Erins Vale 
Formation 
References: Figs 1.6 and 1.7 (location maps), 8.1, 8.2, A.2.8 (in Appendix 
2.2.8); see Appendix 2 and Ch. 4 for details of borehole sequences and Ch. 7 
for outcrop studies mentioned. 
The similar volcaniclastic composition of the Pheasants Nest and lower 
Erins Vale Formations and, more importantly, facies successions at 
individual borehole locations (see Appendix 2), a vertical facies model and 
lateral facies changes (see Section 8.5.2 above)· validate a transgressive 
regime in the lower Erins Vale Formation. 
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BH Bootleg 8 contains the most complete record of Erins Vale Formation 
deposition (see Appendix 2.2.8, Fig. A.2.8 and Section 4.2.8). A two metre 
thick shoreline transgressive facies of bioturbated, rooted massive 
sandstone, which typically occurs in other borehole sequences at equivalent 
stratigraphic positions, indicates the first sign of inundation of the 
interchannel deposits of the underlying upper Pheasants Nest Formation 
(see Fig. 4.2). In the deeper northern and northeastern parts of the basin, the 
transgression bought in an oxygen-deficient (below storm wave base) lower 
offshore regime represented by the Kulnura Marine Tongue Member (BH 
Bootleg 8 in Fig. 8.1, see Figs 4.2 and 4.3; and BH Alliance Cataract 1 in Fig. 
8.2). The transgression encroached from the northeast (e.g. Veevers et al., 
1994a) well beyond the study area. Upper offshore conditions with a lower 
gradational transition with the Kulnura Marine Tongue Member are 
interpreted for the lower-middle Erins Vale Formation in the above two 
borehole sequences. An apparently equivalent upper offshore regime is 
represented by the eastern outcrops: the WAN and BUL locations and the 
basal mudstone and siltstone in the THIR, STUR and UNRLY8 locations. 
The eastern outcrops at the COL location represent a back-barrier, deep 
lagoonal condition or deeply transgressed shoreface along an embayed coast 
formed at an early stage of transgression compared to the more northerly 
outcrops. Biologically modified dunes and washover fans, and associated 
lagoonal marsh deposits, represented the shoreline facies of a transgressive 
barrier system to the west and south (see Section 8.5.2 above). 
Towards the west and south, the silty lower offshore condition (Kulnura 
Marine Tongue Member) shallows to the sandy shoreface condition 
represented by the lower Erins Vale Formation. Bamberry (1991) suggested a 
maximum distance of 40 km from the offshore silts to the southern 
preserved depositional limit indicating a large fetch of water within which 
wave energy could dissipate. Similar breadths are also suggested by the 
drillhole transects (Figs 8.1 and 8.2). 
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8.5.3.2 Upper Erins Vale Formation and the Overlying Marangaroo 
Conglomerate and Wilton Formation 
References: Figs 1.6 and 1.7 (location maps), 8.1 and 8.2; see Appendix 2 and 
Ch. 4 for details of borehole sequences and Ch. 7 for outcrop studies. 
Following the deposition of the lower-middle Erins Vale Formation, the 
basin was filled by three depositional regimes during upper Erins Vale 
Formation time: 
(1) the western and northwestern fan-delta progradation; 
(2) the central and southern regressive barrier system; and 
(3) the energetic shoreface sands in the east. 
Fan-delta deposits of the upper Erins Vale Formation and the overlying 
Marangaroo Conglomerate: 
In this study, the influence of a fan-delta is recorded in BH Bootleg 8, Picton 
3 and BH Wollongong 13 locations (Fig. 8.1). Its development in the western 
part of the basin during the upper Erins Vale Formation time was noted by 
Bamberry et al. (1990) and Bamberry (1991), the latter along with a detailed 
account of the deposition of the Marangaroo Conglomerate. 
BH Bootleg 8 in the northern extremity of Figure 8.1 shows the evolution of 
a strongly regressive sequence: the upper offshore sequence of the lower 
Erins Vale Formation is overlain by the fan-delta of the upper Erins Vale 
Formation. This coarse-grained fan-delta then evolved into a sediment 
gravity flow-dominated, apparently proximal, subaerial fan represented by 
the Marangaroo Conglomerate (for detail, see Appendix 2.2.8, Fig. A.2.8 and 
Section 4.2.8). The bioturbated conglomerate (upper Erins Vale Formation) 
with coaly lenticles suggests subaqueous fan accumulation in low-energy, 
shallow water marsh environments. The BH Moonshine 13 and BH 
Wollongong 13 locations, farther to the south, contain wedges of fluvial-
dominated distal subaerial fan and fan-delta, respectively. As expected with 
fan-deltaic and subaerial fan sedimentation, these quartzose deposits appear 
to be laterally discontinuous wedges along the basin margin which 
encroached upon the barrier island system as pulses of coarse-grained 
materials from the western cratonic source. This occurred within the 
framework of regressive, progradational sedimentation during the upper 
Erins Vale Formation time. 
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Regressive barrier system: 
As detailed in Section 8.5.2, the bulk of the low-energy barrier system in 
Figures 8.1 and 8.2 probably represents progradational sedimentation during 
a regressive phase of the upper Erins Vale Formation. 
Shoreface sands: 
The upper offshore mudstone and siltstone in the eastern outcrop locations 
(THIR, STUR and UNRL Y8) pass upward into an energetic SCS deposition 
on the shoreface. The remarkably sharp, erosive upper contact of mudstone 
with the swaley cross-stratified sandstone in these far apart, equivalent 
outcrop locations in the greater Wollongong area has regional significance 
as an erosional surface or "bounding discontinuity" (sensu Walker, 1991) 
providing definite evidence of superimposition of a regressive and 
progradational sandy shoreface directly on the offshore sediments (e.g see 
Figs 7.9 and 7.12). The absence of burrows in the equivalent SCS bed at the 
southwestern UNRL Y8 location indicates a shallower depositional gradient 
on the middle-upper shoreface compared to the lower burrowed SCS beds in 
the northern outcrops which represent a deeper water, lower shoreface 
condition. 
A pronounced disconformity, which is recorded in all the outcrops showing 
the formational boundary between the shoreface SCS beds of the Erins Vale 
Formation and the fluvial basal Wilton Formation, is another erosional 
discontinuity of regional significance in this interval (e.g. see Figs 7.6 and 
7.12 and 7.13). 
Basin-fill models and sense of progradation: 
Two alternative basin-fill models are possible for the upper Erins Vale 
Formation time as indicated below. The first one, proposed by Bamberry in 
1991, enormously advanced the contemporary understanding of the 
distribution of the sedimentary fades and depositional environments of the 
Erins Vale Formation. In the light of new information gained in this study 
(presented in the preceding sections), an alternative model is postulated. 
However, it is stressed that the two models are still hypothetical in view of 
lack of crucial palaeocurrent information and sufficiently widespread data 
control for the Erins Vale Formation. 
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Model 1: Synchronous, tripartite basin-fill model 
It suggested a coevally developed, tripartite basin-fill model whereby the 
fan-deltas in the west and northwest and a shore-zone on the east fringed a 
central deeper water offshore condition and was apparently filled by 
shoreline progradation from both sides (Bamberry, 1991, fig. 33). The 
northeasterly oriented shore-zone in the east, speculated on the basis of 
inferred distribution of shoreface sands, had meandering distributaries 
delivering sediments into the seas from southern Gerringong Volcanic 
source areas. 
Model 2: Diachronous, northeasterly progradational shoreline model 
This model postulates diachronous, northeasterly progradation of the 
western cratonic shoreline (with a northwestern or north-northwestern 
orientation) and associated, subordinate but similar northeastward 
progradation from the southern and southeastern volcanolithic shoreline 
of the Pheasants Nest Formation landscape. In other words, a western to 
southern arcuate shoreline prograded toward the basinal axis in the 
northeast with major contribution from the west and minor input from the 
south. In this way the semi-enclosed Erins Vale sea was progressively filled 
up. According to this model (Fig. 8.11), the following sequential 
development occurred in the order mentioned from (a) to (c) . 
(a) Progradation of a sandy barrier system seaward toward the northeast 
occurred during the regressive phase (Fig. 8.11). Extensive wetlands of 
lagoonal marsh developed in the central and southern parts of the 
basin (see Figs 8.1 and 4.1 and Section 8.5.2) being facilitated by an 
apparently subdued southern volcanic source area, accompanied by 
subsidence of the alluvial plain that was set in motion during upper 
Pheasants Nest Formation time (see Section 8.4.6). The lagoonal marsh 
environment was also promoted by its southerly location, away from 
the proximal influence of the northerly-derived marine transgression. 
(b) A strongly regressive sequence incorporating a quartz-rich, subaerial 
fan (Marangaroo Conglomerate) and corresponding fan-deltaic 
sedimentation (coeval upper Erins Vale Formation) prograded onto 
the transgressive-regressive barrier system from. the western and 
northwestern cratonic margins. By the end· of Erins Vale Formation 
time, further seaward (northeast and east) progradation of the barrier 
system had caused regionally extensive lagoonal marsh conditions to 
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reach as far as the northern BH Bootleg 8 position. Bioturbated 
conglomerates with thin coaly lenticles suggest fan-deltaic 
accumulation in such conditions. 
(c) As the basin was progressively filled, the northeasterly prograding 
shoreface came closer to the more open seas in the northeast. This, 
plus regression of the sea and aggradation of the depositional surface, 
facilitated high energy shoreface sedimentation followed by distinctly 
regressive, disconformity-bound fluvial progradation of the basal 
Wilton Formation. In this sense, the SCS sands in the eastern outcrop 
locations are the diachronous development of shoreface sands attached 
to the northeasterly prograding barrier system mentioned in (a). 
The supporting evidences suggesting a northeasterly diachronous 
progradation of an arcuate shoreline include the following. 
• The presence of offshore sediments in the upper Erins Vale Formation 
in the eastern locations (e.g. THIR, STUR, BH Alliance Cataract 1) and 
absence of the same in the western and southern locations (e.g. BH 
Moonshine 7 A, Wollongong 35 and 21; see Figs 8.1 and 8.2), suggest 
deeper water conditions in the northeastern region. 
• The volcaniclastic sediments of the lower Erins Vale Formation contrast 
with the quartz-rich sediments in the upper Erins Vale Formation, 
suggesting the influence of sediment progradation from the western 
cratonic sources. In fact, the character of the quartz suite in both the 
shoreface sands of the upper Erins Vale Formation and the overlying 
basal Wilton Formation from the eastern outcrops at THIR location 
indicate a significant western cratonic contribution (Bamberry, 1991) at 
par with the Marangaroo Conglomerate and the fan-deltaic upper Erins 
Vale Formation. A progradational, diachronous development of the 
western cratonic shoreline explains the quartz-rich sandstone in this 
location. Although no compositional isolith for the Erins Vale 
Formation is available, the isolith for the basal Wilton Formation and 
the Marangaroo Conglomerate is suggestive (Fig. 8.12). 
• The northeasterly palaeocurrent from the channels cut deep into 
shoreface sands and sedimentary structures from the basal Wilton 
Formation (Bamberry, 1991) may indicate the northeasterly palaeoslope 
toward the seas. The isopach map for the Erins Vale Formation also 
suggests a northeasterly-thickening trend (see Fig. 8.6). 
• Tectonic activity producing a foreswell in the northwestern cratonic 
basin margin (Lachlan Fold Belt) was responsible for the widespread 
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development of the Marangaroo Conglomerate (Veevers et al., 1994a). 
The resulting fan-deltaic development during the deposition of the 
upper Erins Vale Formation support the foreswell hypothesis and 
suggest that the physiographic setting was very conducive for 
dominantly northeastward progradation of the western basin margin 
with a pronounced influence on the progressive filling of the basin in 
diachronous fashion. The bounding discontinuity between the Erins 
Vale and Wilton Formations also attests to this strong fluvial 
pro gradation. 
The upward transition of the Erins Vale Formation into the Wilton 
Formation: 
A comparative analysis of the interpreted environments of the basal Wilton 
Formation and the Woonona Coal Member suggest the following 
generalization: it appears that the depositional hallmark of the basal Wilton 
Formation was either channel sedimentation followed by peat swamps of 
the Woonona Coal Member above the regressed, subaerially exposed 
shorefaces of the upper Erins Vale Formation (e.g. THIR Location) or 
splays/ channel sands followed by relatively energetic floodbasin deposition 
(no peat swamps of the Woonona Coal Member) in the lagoonal marsh-
dominated upper Erins Vale Formation in the central areas (e.g. BH 
Moonshine 7 A, see Fig. 4.1). In both cases, channel progradation or coarse-
grained subaqueous splays were precursor to the prograding alluvial system. 
As with the Marangaroo Conglomerate, a detailed account of the 
depositional history of the Wilton Formation wci.s given by Bamberry 
(1991). 
8.5.3.3 Sediment Transport and Depositional Processes 
Although, the lower Erins Vale Formation is interpreted to be generally 
transgressive, the influence of river-derived meltwater flows like those 
interpreted for the Broughton and Pheasants Nest Formations cannot be 
discounted. Highly bioturbated volcaniclastic sediments, poor sorting, 
dropstones and chaotic conglomerates including large fossil wood fragments 
(see Chapter 7) bear a resemblance to the Broughton Formation lithologies. 
These and the presence of glendonites in the Kulri.ura Marine Tongue 
Member suggest the continuation of a periglacial dimate and sediment 
transport to the basin through meltwater flows and ice-rafting derived from 
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rivers. However, lack of progradational sequences in the lower Erins Vale 
Formation, and lack of direct or inferential evidence for volcanic activity, 
unlike that in the Broughton and Pheasants Nest Formations, and 
interpreted subdued relief of the volcanic source areas at the closure of the 
Pheasants Nest Formation time (Section 8.4.6) suggest that sediment input 
from the land was not sufficient to keep pace with a rising base level. 
The semi-enclosed/ epeiric sea interpreted for the Erins Vale Formation, 
caused by the transgression of the topographically low-lying northeastern 
and northern alluvial plains of the Pheasants Nest landscape, probably 
sheltered the depositional basin from open marine wave attack. The lack of 
significant river-derived sedimentation did not allow deltaic progradation. 
Tidally-driven longshore currents might have been present, as tidal 
currents would be magnified in a restricted basin (influence of tidal currents 
is also noted in the Broughton Formation; see Section 8.3.4.2). These 
currents and occasional large storms probably redistributed the sediments, 
much of which were relict, into shoreface barrier deposits and to the 
offshore areas. This interpretation of the depositional processes during the 
lower Erins Vale Formation time is tentative, as the signatures of the 
sedimentation processes were mostly destroyed by the burrowers in the 
quiet conditions. The above depositional conditions changed during the 
deposition of the upper Erins Vale Formation. With continued regressive 
progradation of the shoreline towards the more open seas in the northeast, 
strongly storm wave-dominated regimes ensued, as is the case with the 
upper Erins Vale Formation observed in the eastern outcrop locations. 
Evidence for tidal sedimentation was destroyed during strong regression 
and/ or storm waves destroyed much of the tidal and fairweather 
sedimentary structures as common with other storm-dominated settings 
(Walker, 1991). 
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8.6 IMPLICATIONS FOR TECTONICS AND SEA LEVEL CHANGES 
Reference: Sections 1.1.2 (tectonic background) and 8.2-8.5 
8.6.1 Introduction 
This discussion of the influences of volcano-tectonic controls and sea level 
changes on the depositional evolution of the Late Permian southern Sydney 
Basin sequences is based on the following premise. 
• The recent advances in our understanding of the Sydney-Gunnedah-
Bowen Basin have confirmed the tremendous importance of tectonic 
controls on the base-level changes (see Section 1.1.2). 
• In a rejuvenating stage of foreland basin evolution (Stage 'C' of Veevers 
et al., 1994a; see Section 1.1.2), as witnessed by the Late Permian southern 
Sydney Basin, the tectonic effects would have the potential to mask 
eustatic phenomena. 
• A distinction between the relative contributions to transgression from 
eustatic and regional tectonic causes is very dificult to make (Flint et al., 
1991). Integrated sequence stratigraphical studies combined with 
sedimentological analysis are better suited for this purpose, but are 
beyond the scope of this thesis. 
• In the light of the above points, this study is more concerned about 
relative sea level changes than eustasy (global sea level changes). 
However, it is recognized that eustasy is always potentially present. 
Useful terms attributed to sequence stratigraphy are used to illustrate the 
genetical connection of the depositional environments to the tectonics and 
relative sea level changes. Due to the limited scope of this study, references 
are made to the three main systems tracts: transgressive, highstand and 
lowstand. The regressive sequences formed during a falling sea level are 
included in the lowstand systems tract (Posamentier et al., 1988). 
The dominantly northeasterly-focused sediment dispersal, first noted in the 
upper Snapper Point Formation, led Tye (1995) to infer that by this time, the 
southern Sydney Basin probably had an eastern orogenic boundary with an 
opening towards the north. The widely reported tuff in the "WJ.ndrawandian 
Siltstone (e.g. Runnegar, 1980; Shaw et al., 1991) confirmed an orogenic 
presence in the east during its deposition. This orogen probably matured 
during the Broughton Formation time with increasing volcanic eruptions 
resulting in the further development of physiographic barriers in the 
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eastern part of the southern Sydney Basin. Consequently, a constricted 
seaway between the western craton and what is inferred to be an emergent 
eastern volcanic island chain was formed, which has been dubbed as the 
Broughton Seaway in this study. 
8.6.2 Upper Nowra Sandstone to Lower Berry Siltstone 
An hypothesis which appears to explain the observed depositional 
phenomenon in the southern Sydney Basin is that foreland loading was 
successively followed by subsidence, transgression and progradational elastic 
wedges (Devlin et al., 1990; Cant and Stockmal, 1993). 
Following the regressive lower Nowra Sandstone time, a ravinement 
surface, represented by the base of the Purnoo Conglomerate in the mid-
Nowra Sandstone sequence, indicated the start of a transgressive event in 
the upper Shoalhaven Group during which the upper Nowra Sandstone 
and the Berry Siltstone were deposited (Le Roux and Jones, 1994). This 
transgressive ravinement surface probably indicates the start of a subsiding 
phase following a substantial increment in the tectonic loading. The western 
and southwestern cratonic basin margin of the southern Sydney Basin was 
progressively transgressed by backstepping nearshore sand fades of the 
upper Nowra Sandstone and offshore silt fades of the Berry Siltstone (Le 
Roux and Jones, 1994). B.G. Jones (pers. communication, 1998) suggested that 
the maximum marine flooding event probably occurred within the lower 
Berry Siltstone during which time its silty lower offshore fades apparently 
had the widest breadth in the southern Sydney Basin. Thus, the upper 
Nowra Sandstone and the lower Berry Siltstone represent transgressive 
systems tract following the pre-mid-Nowra Sandstone tectonic loading. 
8.6.3 Upper Berry Siltstone to Lower Broughton Formation 
During the upper Berry Siltstone and lower Broughton Formation time, 
high volumes of sediment input and volcanism resulted in local 
progradational sequences in apparently highstand seas. This is reflected in 
the shoreface sands, anchored on the volcanic islands, which had been 
prograding over the offshore silts of the Berry Siltstone (Fig. 8.1). A rather 
abrupt transgression caused these shoreface deposits to be inundated and 
replaced by retrogradational shoreface-offshore environments. The 
maximum marine flooding surface within the interdigitating upper Berry 
Siltstone and lower Broughton Formation indicates a significant 
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transgressive pulse (Fig. 8.1). Following the flooding event, the lower (below 
storm wave base) offshore sand-belt started to prograde over the offshore 
silt, a similar scenario being repeated by the offshore carbonaceous sands 
attached to the cratonic margin in the west (Figs 8.1 and 8.2). The erosional 
surfaces and parasequences recognized in the outcrops of the equivalent 
Westley Park Sandstone Member of the latite-dominated lower Broughton 
Formation (Hitchen, 1997) also support sea level fluctuation and a 
transgressive phase in the lower Broughton Formation. 
Although offshore environments are typically dominated by fine-grained 
sediments, the occurrence of bioturbated massive sands in the lower 
offshore areas can be explained in terms of sediment dispersal in a foreland 
setting with active volcanic sources being present on the orogen side. 
Regional dispersal patterns of sediments in tectonically youthful continental 
margin settings tend to be dominated by coarse-grained fractions but are also 
influenced by sea level/base level changes and sediment input (Swift et al., 
1991). This is applicable to the Broughton Formation sediments. During and 
after the transgressive event, the retrograded shoreface environments 
continued to be fed in great quantity from proximal volcanic sources and 
then, these sediments were either redistributed down the offshore gradient 
and/ or the bulk of the sediments bypassed the shoreface to reach the 
offshore region. This interpretation is supported by the lack of any 
significant regional encroachment of the fine-grained offshore silt over the 
former shoreface sands as would be normally expected in a transgressive 
situation without a very high level of sediment input. 
Although eustatically controlled transgressive basin processes, with tectonic 
and sediment-input parameters being constant or subdued, were not 
certainly operative for the lower Broughton Formation in most of the 
basinal areas, the partial influence of a transgressive, autochthonous regime 
can be invoked for the Berry Siltstone to account for the redistribution of at 
· least a portion of the shoreface sands down the offshore gradient attached to 
a relatively subdued western cratonic margin. Despite shedding substantial 
amounts of volcanolithic sediment into the .basin during the deposition of 
the lower Broughton Formation, the fact that net sediment aggradation did 
not occur in the orogen-proximal areas of the basin until well after the 
flooding event bears testimony to a protracted foreland loading and 
concomitant subsidence. The greater compactional subsidence in the central 
areas of a basin containing more finer grained sediment might have 
additionally contributed to a transgression (Jones, 1990, fig. 3). Had a eustatic 
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sea level rise been responsible for this transgression alone, massive 
amounts of sediment shed from the orogen would have resulted in a 
reduction of accommodation space, and a progradational highstand systems 
tract would have ensued much earlier as there was evidence for a rising 
orogen at least from the Windrawandian Siltstone time. 
Sloan and Williams (1991) attributed cycles of regression and transgression 
in the mid-Silurian Dunquin Group (Ireland) to alternate periods of sea 
floor aggradation and volcano-tectonic uplift prior to eruptions and post-
eruptive magma chamber deflation and resulting subsidence. This 
hypothesis would appear to be applicable, if alternate distinctly transgressive 
and regressive cycles and their relationship to volcanism could be 
established from the latite-dominated Broughton Formation sequences. 
Transgression in far apart areas of the basin, architecture of the lower 
offshore sand-belt and continued shedding of sands sug_gest that the 
transgression was probably triggered by foreland basin tectonics (e.g. loading, 
compressional subsidence), rather than localized magma chamber deflation. 
However, the magmatic influence should not be ruled out but be viewed as 
an alternative or supplementary mechanism for sea level changes until 
definite evidence is available. 
It is interpreted that, apart from a physiographic barrier, subsidence along 
the north-northeasterly /northeasterly axis of a depocentre (sub-basin; 
explained later) related to activa.ted basin tectonics during the upper Berry 
Siltstone and Broughton Formation time played a pivotal role in focusing 
the currents, and thereby the sediments into the lower offshore sand-belt 
along this orientation. This also buffered the cratonic quartzose sediments 
in the western part from being completely overwhelmed by the orogenic 
volcaniclastic deposits. 
8.6.4 Middle Broughton Formation 
The lack of recognizable flooding surfaces in the borehole sequences of the 
middle Broughton Formation (this study) and in the outcrops of the Kiama 
Sandstone Member (Hitchen, 1997) of the latite-dominated middle 
Broughton Formation suggest that abrupt sea level changes did not occur in 
this interval. Gradual basin subsidence concomitant with sedimentation is 
interpreted, with the balance gradually shifting in favour of sediment input 
resulting in deposition of aggradational, storm-influenced sand-sheets 
during a highstand of sea level. 
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Although volcanic uplift and by extension, lava emplacement, might have 
contributed to the raising of the base level locally (cf. Kiama Sandstone 
Member; Bull and Cas, 1989), it was a basin-wide phenomenon as this study 
shows. Imprints of storm wave actions began to appear throughout the 
basin as a result of lowering of the sea level regionally, probably through 
continued sedimentation without the greater or same degree of 
compensatory subsidence as had occurred during the deposition of the 
upper Berry Siltstone and lower Broughton Formation. 
8.6.5 Upper Broughton Formation and lower-middle Pheasants Nest 
Formation: 
The upper Broughton Formation and the Pheasants Nest Formation clearly 
indicate a strongly regressive trend. The dipping clinoform surfaces of the 
upper Broughton Formation in Figure 8.1 suggest progradational wedges in 
a retreating sea. A rapid fall of sea level and accompanying erosion are 
illustrated by the cratonic and volcanic basin margins in the northwest (BH 
Oakdale 1) and southeast (BH Wollongong 21), respectively, wherein 
shoreface sands directly overlie lower offshore sediments with the 
intervening upper offshore sand-sheets missing (see Fig. 8.2). 
The northerly increase in thickness of the Pheasants Nest Formation from 
Wollongong 13, and rapidly from Wollongong 35 (see Fig. 8.1), may indicate 
movements along a zone of weakness (hinge line) in the basement causing 
subsidence in the basin and uplifting/tilting of the basin margin that 
resulted in a rapid retreat of the sea. These areas of greater thicknesses of the 
Pheasants Nest Formation and occurrence of the Erins Vale Formation in 
the central and northern parts of the basin roughly correspond to the 
Lapstone and Nepean Monoclines. The propagation of compressional 
energy from the orogen, developing zones of weakness in the foredeep and 
foreswell in the cratonic basin margin, was a likely cause. The possibility of 
eustatic effects remain uncertain. 
The progradational braided channel sedimentation (basal Pheasants Nest 
Formation) over the shoreline deposits of the upper Broughton Formation 
(see Fig. 8.1 and Section 8.4.5.2) was favoured by the steepening of the 
depositional gradient related to the fall of sea level; which was in turn, 
caused by the above mentioned basin tectonics .. The broadly en echelon 
architecture of the progradational sequences of the Pheasants Nest 
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Formation probably indicate alternate still-stand conditions and/or 
subsidence due to delta switching processes during an overall regressive 
sedimentation (Fig. 8.1). 
In general, the upper Broughton and lower-middle Pheasants Nest 
Formations represent lowstand systems tract. It includes the early regressive 
phases represented by the upper Broughton Formation. 
8.6.6 Upper Pheasants Nest Formation, Kulnura Marine Tongue Member 
and Lower-middle Erins Vale Formation 
In this study, a low-gradient, alluvial plain (coastal) with inferred rising 
base-level has been interpreted for the upper Pheasants Nest Formation in 
the northern areas. Thus, it represents early transgressive systems tract. 
The thin and discontinuous development of the Unanderra and Figtree 
Coal Members of the Pheasants Nest Formation would represent highstand 
cycle coal according to Arditto's (1991) sequence stratigraphic model. 
However, the development of these coal lenses could be related to the 
evolution of foreland basin processes, that is, the evolution from low-
sinuosity bedload river system to multiple-channel river system (see Section 
8.4.6 for detail). This evolution of the channel pattern might also have been 
influenced by a rising base level condition during a transgressive systems 
tract. 
The lower Erins Vale Formation, including the Kulnura Marine Tongue 
Member, consists of a transgressive shoreface-offshore and low-energy 
barrier island system. The only marine flooding surface that has a good 
possibility of being caused by eustasy is the one under the Kulnura Marine 
Tongue Member in the deeper parts of the basin and below the lower Erins 
Vale Formation in the shallower parts of the basin (see Figs 8.1 and 8.2). The 
main reason is that the Kulnura marine transgression was widespread in 
the Sydney Basin and in the sister basins (see Veevers et al., 1994a for a 
review). The maximum marine flooding surface probably occurred either 
within the lower offshore fades of the Kulnura Marine Tongue Member or 
along its gradational upper contact with the upper offshore fades of the 
Erins Vale Formation as apparent in the deeper parts of the basin (cf. BH 
Bootleg 8 and Alliance Cataract 1, Figs 8.1 and 8.2, respectively). The upper 
offshore fades in these two borehole sequences suggests a highstand systems 
tract during the lower-middle Erins Vale Formation time. The upper 
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offshore facies in the eastern outcrops of the lower-middle Erins Vale 
Formation is likely to represent equivalent conditions. Because of lack of 
outcrop control points, this interpretation is tentative. 
8.6.7 Upper Erins Vale Formation, Basal Wilton Formation and 
Marangaroo Conglomerate: 
These units constitute a lowstand systems tract and are marked by two 
inferred regressive surfaces: (1) at the base of the upper Erins Vale 
Formation, below its fan deltaic deposits in the west (see Fig. 8.1) and 
shoreface sands in the east (see Figs 7.9 and 7.12); and (2) at the base of the 
subaerial fan deposits of the Marangaroo Conglomerate in the west and 
fluvial channels forming basal Wilton Formation in the east (see Figs 8.1, 
8.2, 7.6 and 7.13). This is explained below. 
The start of a strong regional regression, marked by an early regressive phase 
of the upper Erins Vale Formation, is suggested by: (a) facies successions in 
the eastern outcrops and in borehole sequences; (b) the sharp, erosive 
contacts between the upper offshore mudstone and the SCS sands in eastern 
outcrops; and (c) the upper offshore sands overlain by the coarse-grained 
fan-delta in the northwest (cf. BH Bootleg 8, Fig. 8.1). Also, sporadic pebbles 
in the upper part of the mudstone beds below the shoreface sands in the two 
eastern outcrops (THIR and UNRL Y8; see Fig. 7.10) probably suggest an 
erosional lacuna (sensu Veevers et al., 1994a) and the advent of the 
foreswell in the craton causing a regression. This interpretation generally 
follows the one advanced by Veevers et al. (1994a) and Havord et al. (1984) 
regarding a similar phenomenon in the Kulnura Marine Tongue Member. 
Considering the theory of propagation of foreswell to the western cratonic 
basin margin causing the widespread development of the Marangaroo 
Conglomerate (Veevers et al., 1994a), it is suggested that the disconformity at 
the top of the Erins Vale Formation marking its sharp contact with the 
overlying channel deposits of the basal Wilton Formation, together with the 
subaerial fan of the Marangaroo Conglomerate, indicate a remarkable 
regressive phase (see Fig. 8.1). The retreat of the sea from the depositional 
basin was rapid and extensive. 
The lowstand systems tract consists of fan-delta, regressive barrier and 
energetic shoreface deposits of the upper Erins Vale Formation (early 
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regressive phase), subaerial fan deposits of the Marangaroo Conglomerate 
and channel deposits of the basal Wilton Formation (lowstand wedge). 
The Woonona Coal Member was interpreted to be a transgressive systems 
tract by Arditto (1991), whereas Bamberry (1991), providing evidence from 
regional facies relations, suggested a stable tectonic condition being 
responsible for its widespread development. 
8.6.8 Glacioeustatic Causes: 
Glacioeustatic influence on the intrabasinal depositional processes probably 
was not significant because evidence for continental glacial (ice-proximal) 
influence on sedimentation has Iiot been encountered. However, it does 
rule out glacioeustatic causes. It only suggests the improbability of regional 
glacial rebound or loading for sea level changes. 
8.6.9 Sequence Stratigraphy: a conclusion 
Arditto's (1991) sequence stratigraphic correlation of the southern Sydney 
Basin sequences has a lot of merit as a pioneering work in this field and 
geographic area during his time of the study. However, it was based on an 
insufficient data base and appeared to be biased toward eustatic controls. As 
this study shows, the palaeoenvironmental interpretation of the lithologic 
units were generally inadequate or inaccurate, and also there is a need for 
revision of the definitions of the bounding discontinuities and systems 
tracts (cf. Arditto, 1991). 
Summarizing the preceding discussion, a sequence stratigraphical 
framework for the Late Permian southern Sydney Basin sequences is given 
below. As mentioned before, three main systems tracts are referred to 
(transgressive, highstand and lowstand) and the regressive sequences 
formed during a falling sea level are included in the lowstand systems tract 
(Posamentier et al., 1988). 
Upper Nowra Sandstone to lower Berry Siltstone: transgressive systems 
tract. 
Upper Berry Siltstone to middle Broughton Formation: an overall 
highstand systems tract; portions of the upper Berry Siltsone and the lowest 
Broughton Formation show interludes of transgressive pulses. 
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Upper Broughton Formation and lower-middle Pheasants Nest Formation: 
lowstand systems tract including the early regressive phases represented by 
the upper Broughton Formation. 
Upper Pheasants Nest Formation, Kulnura Marine Tongue Member and 
lower Erins Vale Formation: early transgressive to transgressive systems 
tract. 
Middle Erins Vale Formation: highstand systems tract. 
Upper Erins Vale Formation, basal Wilton Formation and Marangaroo 
Conglomerate: lowstand systems tract, consisting of an early regressive 
phase of the upper Erins Vale Formation and a lowstand wedge of the basal 
Wilton Formation and the Marangaroo Conglomerate. 
8.6.10 The Enigmatic Orogen: 
Unlike the Gunnedah and Bowen Basins, the tectonic setting, orientation 
and behaviour of the eastern orogen for the Late Permian-Early Triassic 
southern Sydney Basin are clouded in mystery or controversy, mainly 
because the orogen has either been destroyed, rifted away during the 
opening of the Tasman Sea and/ or parts of it lie buried in the offshore 
Sydney Basin. Since this subject is beyond the scope of this research project, 
only a brief statement is made because of the importance of the issue. · 
The Currarong Orogen (see Section 1.1.2) was most likely the eastern 
foreland orogen for the southern Sydney Basin that provided great volumes 
of volcaniclastic sediment during the Late Permian to Early Triassic time. 
Jones et al. (1984) reviewed the circumstantial evidence for this orogen. The 
present study provides further crucial evidence as summarized below. 
(1) the arguments presented for the Broughton Seaway and Gerringong 
volcanics; 
(2) the depositional framework presented for the Broughton Formation, 
especially the southeastern and eastern volcanic sources with evidence 
for emergence and matured soil profiles; and southeastern submarine 
volcanic flows and associated offshore-shoreface to terrestrial 
evolution with hints for a westerly dipping shoreface; 
(3) the overall foreland basin-fill depositional model of the Pheasants Nest 
Formation with centripetal transport pattern, especially detailed 
depositional models for northwesterly prograding subaerial fans; and 
subaerial volcanism (latite members) and. a _documented case of 
westerly moving pahoehoe flows (Berkeley Latite Member). Numbers 2 
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and 3 provide evidence for depositional alignments transverse to the 
structural grain of the foreland basin. 
The Newcastle Sub-basin formed in response to foreland loading of the 
South New England-Currarong Orogen and had a north-northeast oriented 
basinal_ axis (Fig. 8.13; Jones et al., 1984). The dominantly northeasterly 
thickening trends of the isopachs and palaeocurrents of all the formations 
strongly suggest that it was a long lasting, continually subsiding depocentre 
for the Late Permian sequences. Being a foredeep, the Newcastle Sub-basin 
was apparently asymmetrical with a steeper eastern orogenic slope and 
gentler western cratonic slope. This meant that the easterly derived 
sediments, (e.g. shoreface-shoreline deposits and subaerial fans) were mostly 
cannibalized. Whereas the volcanogenic materials from the southern fringe 
of the Currarong Orogen and sediments from the western craton flowed 
toward the northeast depocentre and were preserved. 
It may be mentioned here that the northeasterly palaeoflows in the 
quartzose sediments, as early as during the Snapper Point Formation time 
farther away in the southernmost Sydney Basin, were interpreted as having 
been influenced by an eastern orogen (Tye, 1995). 
The Gerringong volcanics are north-northeast oriented shoshonitic bodies 
(Carr, 1984), which occur with substantial thickness and extension in the 
offshore Sydney Basin (Ringis, 1972; Grybowski, 1992; Bradley, 1993). It is 
likely that they erupted along north-northeast oriented faults related to 
compressional tectonics and represented submarine to subaerial volcanism 
along the western flanks of the Currarong Orogen. 
Bradley (1993) proposed an interesting new model for the tectonic and 
depositional evolution of the Offshore Sydney Basin by reinterpreting 
information presented by Grybowski (1992) and seismic profiles (Fig. 8.14). 
He cited a number of evidence in support of his model. It appears that his 
Offshore Uplift occurring between Wollongong and Newcastle might 
represent remnants of the Currarong Orogen. He suggested that the Offshore 
Uplift originated from floor and splay thrusts related to the Peel-Manning 
Thrust/Subduction Complex which propagated southwards and westwards 
beneath the Sydney Basin during the Early Permian. In the Early Permian, 
the Offshore Uplift was a fault propagation fold with quiescent to sporadic 
volcanism. Bradley (1993, p. 22) added, "In the mid-Permian major arching 
of the Offshore Uplift reactivated stalled magmatic diapirs and caused 
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renewed volcanism, which continued through into the Late Permian." It is 
likely that the Offshore Syncline in the Early Permian followed by the 
Newcastle Syncline (Sub-basin) in the Middle to Late Permian, were parts of 
a major foredeep which accumulated a great deal of sediment and 
influenced the characteristically northeasterly thickening depositional 
trends of the Late Permian sequences of the southern Sydney Basin. 
The author strongly recommends future research aimed at unravelling the 
Currarong Orogen. 
8.7 PALAEOCLIMATIC MODEL FOR SEDIMENTATION 
Section 8.1.2 interpreted a periglacial climate with seasonal freezing and 
thawing for the Late Permian southern Sydney Basin. Now the immense 
implications of a periglacial climate, already demonstrated in the preceding 
sections, need to be formalized in the form of an overall model. 
Other than preserved records of direct glacial sedimentation in supraglacial, 
englacial, subglacial and ice-proximal glaciolacustrine or glaciomarine 
depositional systems, a glacial link or influence is very difficult to establish 
in glaciofluvial and ice-distal systems. This is because in proglacial 
environments, the role of glaciers (or meltwater, by extension) is primarily 
limited to the delivery of large volumes of sediment, which are reworked 
and deposited by various non-glacial processes like braided channel 
deposition, aeolian activities and basinal processes in the lakes and seas 
(Eyles and Eyles, 1992). Although a periglacial climate, established in this 
study, provides contextual evidence for glacial influence, the actual extent of 
glacial influence on sedimentation is even more difficult to establish for the 
Late Permian sequences which were deposited under a setting made 
extremely complex with volcano-tectonic effects, climatic controls and sea 
level changes and where source areas have either been almost completely 
destroyed or are unknown. Limitation in the data bases (see Chapter 1) is 
another complicating factor. Keeping in mind the above constraints, a 
probabilistic model for palaeoclimatic influence on sedimentation is 
presented below. 
The palaeolatitude estimates for the Late Permian Sydney Basin show a 
variation from 65°, with the south pole in or near palinspastically restored 
terranes of New Zealand off the coast of Antarctica (Scotese and Langford, 
1995), to 57° with the pole in northern Victoria Land (Powell and Li, 1994), to 
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85° with the pole in central New South Wales (Veevers et al., 1994b). 
Considering an average age of 258 ma for the Broughton Formation 
(reviewed by Veevers et al., 1994a, p. 36) and the 265-250 ma northeastward 
migration path of the pole shown by the third model (Veevers et al., 1994b; 
also generally northeastward migration shown by Powell and Li, 1994, fig. 3), 
it appears that the pole was tantalisingly close to the southern Sydney Basin 
in the Late Permian time, being even closer during the early Permian (Fig. 
8.15). The polar migration along southern Gondwana in the Permian 
(Veevers et al., 1994b) also suggests that the Early Permian Vryheid 
Formation (Ecca Group) from the Karoo Basin in South Africa (Cairncross, 
1989) may be considered to have a climatic condition very broadly similar to 
the Late Permian southern Sydney Basin. However, because of the 
controversy surrounding the palaeolatitudinal and palaeoclimatic 
reconstructions of the Late Permian Sydney Basin, caution needs to be 
exercised in using the palaeolatitudinal maps. 
Having said the above and assuming that the palaeomagnetic pole is directly 
related to polar ice, it appears that the palaeolatitudinal models favour 
variable proximity to the pole and cool-cold-frigid palaeoclimate for the Late 
Permian Sydney Basin with the third model (Veevers et al., 1994b) possibly 
suggesting direct glacial environments within or very close to the ice 
margin. Orogenic movement, that is, the Currarong Orogen, accompanied 
by stratovolcanic(?) Gerringong eruptions along its western flank (Section 
8.3.1.2), during the Late Permian also raises the spectre of high relief source 
area in the south and east. Given the fact that temperature gradients vary 
tremendously vertically and spatially, both the speculated altitude and the 
estimated latitudes with the suggestion of the proximity of the pole, favour 
alpine/valley glaciers in the volcanic source areas. 
In view of the apparent evidence for permafrost condition in the terrestrial 
portions of the Broughton Formation, extensive land ice cover or proximity 
to the ice margins is open to question. There is no evidence of the suggested 
diagnostic features of continental glacial facies (see Eyles and Eyles, 1992) 
from the subsurface studies of the Jamberoo Sandstone Member of the 
Broughton Formation intersected by a single borehoie (BH ERl, see 
Appendix 2.3.2 and Section 4.3.2). It appears that the very limited exposures 
of the subaerial deposits of the Jamberoo Sandstone Member and a small 
portion of the Kiama Sandstone Member of the Broughton Formation are a 
hindrance in the way of a definite interpretation. For future study, a drilling 
program in this area is recommended. 
It is proposed that seasonally cold winter and temperate spring/summer 
conditions like those existing in the present-day subarctic and cold-cool 
r"egions of the northern hepi_isphere, characterized the Late Permian 
southern Sydney Basin (further explained below). This seasonal variation 
caused variably frozen rivers and sea in the winter and melting of the same 
in the spring. It facilitated meltwater flows and associated ice floes as the 
major mode of sediment transportation. 
For the ice-rafted debris in the Early Permian Shoalhaven Group, striated 
clasts and their extrabasinal composition (Gostin, 1968) were used as 
evidence for an iceberg-rafted origin of the debris calved from marine-based 
Early Permian ice sheet in East Antarctica (Eyles et al., 1997). In contrast, the 
ice-rafted debris in the Broughton Formation are commonly latitic. In the 
upper Broughton Formation, their composition is identical to the associated 
latitic flows and clasts in the overlying alluvial sediments of the Pheasants 
Nest Formation also have similar composition (see Sections 5.2 and 8.3.3.3). 
The dropstones in the Erins Vale Formation, which does not contain any 
latite members, are also volcanic and similar to their Broughton Formation 
counterparts. Thus, it is interpreted that many dropstones (if not all) 
deposited in the restricted Broughton Seaway and the semi-enclosed Erins 
Vale sea were ice-rafted from river or shore ice in a seasonally cold 
environment. For some diamictite layers closely associated with the latite 
members of the Broughton Formation, deposition through river-derived 
meltwater floods and/ or resedimentation through submarine debris flows 
triggered by structural/ depositional weakening of oversteepened slopes in a 
tectonically and volcanically juvenile province cannot be discounted (see 
Section 8.3.2.1). 
Extreme variabilities in glaciohydrological regime and abundance of 
unconsolidated source materials can cause the characteristic high sediment 
transport and sedimentation rates (e.g. Jopling and McDonald, 1975; Clark, 
1987) - the effects may be magnified in active volcanic regions (Dec, 1992). 
The volcanic eruptions not only greatly add to the discharge volume, but are 
also capable of inducing melting of the ice. In the light of a wet condition 
recorded by the palaeosols (Retallack, in press, and this study), high 
precipitations may also be suggested, although this could be a function of 
low evaporation in a cold climate as well. 
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Based on the inferences made earlier in this section, the speculative 
hypothesis suggests that seasonal thawing of glaciated(?) volcanic source 
areas and subsequent episodic meltwater discharges mobilizing large 
volumes of volcaniclastic materials (as lahars when the sediment load was 
very high) from the drainage basin was instrumental in sediment supply 
during the Broughton and Pheasants Nest Formations times. In the process, 
the records of the volcanic hinterlands, pre-existing glacial and proximal 
glaciofluvial deposits were eroded and destroyed. The sediments were 
transported and deposited downslope beyond the ice-margins through 
massflows and proglacial alluvial systems en route to the sea. They were 
carried primarily in meltwater flows and subordinate ice floes. 
The initial deposition occurred through underflows from river-derived 
meltwater floods and/ or meltwater sheetfloods across poorly-vegetated 
coastal ring-plains around the volcanic islands debouching into the seas 
where the sediments were redistributed by various basinal processes, as 
interpreted for the Broughton Formation. 
The importance of the availability of large volumes of unconsolidated 
materials in the source regions and cannibalization in foreland settings 
cannot be overemphasized (see Section 8.4.6). Regarding glacial influences 
in proglacial systems, Clark (1987, p. 19) noted, "Thus the proglacial and 
postglacial rivers evacuate the glacial sediments at a rate which is far in 
excess of the 'normal' material supply to be expected in nonglacial 
environment. In effect, for periods up to several thousands of years, 
sediment yield is unrelated to the concurrent primary production of debris 
by extraglacial weathering processes - an imbalance reflected in the 
widespread creation of alluvial fans, cones, plains, and deltas in the 
proglacial zone, and the subsequent incision and erosion of these forms." 
This statement should be applicable to settings dominated by proglacial 
processes and/ or volcaniclastic processes in a foreland basin as typified by 
the Broughton and Pheasants Nest Formations. 
As opposed to the well-drained, permafrosted palaeosols with sparse 
vegetation interpreted for the Broughton Formation, the palaeosol profiles 
in the UNRLY4 location of the Pheasants Nest Formation developed in 
poorly-drained, interchannel areas with a high water table and no evidence 
for permafrost (see Chapter 6). These interchannel areas supported swamps, 
including large trees, in an overall braided alluvial environment. A 
warming trend at the beginning of the Pheasants Nest Formation is 
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indicated by the vegetation pattern. In the basal Pheasants Nest Formation 
exposed at UNRL Yl and UNRL Y2 locations (see Chapter 6), interchannel 
swamp deposits contain abundant leaves of Glossopteris. While the 
Broughton Formation's permafrosted palaeosols supported woody 
gymnosperms (Gangamopteris and others), the Illawarra Coal Measures 
contained abundant swampland vegetation including those with chambered 
roots like Glossopteris (Retallack, in press). Similar Glossopteris swamps 
were established in the Early Permian Karoo Basin (Vryheid Formation) in 
South Africa following the retreat of the continental glacier (Cairncross, 
1989). 
The subaerial fan sedimentation in the lower and middle parts of the 
Pheasants Nest Formation was greatly influenced by seasonal meltwater 
discharges. As reviewed in Section 8.1.2, a wet and periglacial climate seems 
to have been operative throughout the Pheasants Nest Formation time and 
its continued influence during the Erins Vale Formation is demonstrated by 
sporadic occurrences of dropstones in this formation (although rarer than 
that of the Broughton Formation) and glendonites in the Kulnura Marine 
Tongue Member. 
Modern Examples: 
As prelude to specific examples, an account of the general conditions to be 
expected in a palaeoclimatic model for sedimentation for the Late Permian 
southern Sydney Basin is given below based on the observations of B.G. 
Jones (pers. communication, 1998) and the author. Canada and Alaska 
probably provide broadly similar climatic examples. For instance, in the 
southern Canadian Rockies there are valley glaciers, and in winter the lakes, 
bays, coastal seas and estuaries are frozen and incorporate coarse materials 
for ice-rafting. These areas are mostly cold-temperate with seasonal ice 
cover. In this region, the ice-rafted materials can be transported long 
distances through the interior drainage system. In spring, both rain and 
meltwater provide the potential for rapid runoff, which are ideally suited 
for the development of sheetfloods, scour-and-fill and bedload-dominated 
depositional systems. In times of large floods, mobilization of a great 
volume of unconsolidated sediment can induce sediment gravity flows 
including lahars. Also, the shallow coastal waters of the southern Bearing 
Sea along the Alaskan coast provide a broadly similar example of seasonally 
cold climatic influence on sedimentation in shallow seas. Except during 
winter, the shallow seas are subjected to basinal processes including storm 
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wave actions. During winter, marginal sea ice-cover develops creating 
quiet conditions. With the start of the spring, coastal debris may be ice-rafted 
out to sea or carried by meltwater floods from inland rivers. It is possible 
that the sediments deposited in summer are thoroughly homogenized by 
burrowers taking advantage of a longer 'window of opportunity' during the 
quiet period of winter. This might explain the high degree of bioturbation 
and prevalence of massive beds both in the Broughton and Erins Vale 
Formations. 
It is worth examining a modern case study of the ice-rafting of debris in non-
glacial, cold climate alluvial setting given by Martini et al. (1993) from 
Ontario, Canada. The permafrosted northern Ontario area, subjected to 
subarctic conditions (around Hudson Bay), passes southward across a 
discontinuous permafrost limit to the cold-temperate region of southern 
Ontario (Fig. 8.16). The Albany River is sourced from the Precambrian 
Shield and travels for 480 km over the Palaeozoic carbonates towards 
Hudson Bay. It transports about half of the sediments during the spring 
runoff, including a small amount through ice-rafting. Although most of the 
sediments are carried in suspension in the high sinuosity Albany River, the 
river gets choked with ice floes in spring time. The rafted debris are 
deposited on the stream beds, where they are later reworked, and also, in the 
overbank areas during high stage floods. The ice floes also reach the bay. 
This area supports one of the largest low-gradient boreal to subarctic 
peatlands in the world teeming with dense vegetation. Another good 
example of the role of shore ice and ice-rafting on the depositional processes 
in shallow waters is given by Dionne, 1993, from the St. Lawrence Estuary in 
Canada. While these Canadian examples do not match the sediment type 
and volcanic source area characteristics and subaerial fan model enunciated 
for the Pheasants Nest Formation, they do show the real possibility of 
development of a climatic gradient from subarctic to cold-temperate 
condition (or cool depending on the distance from the permafrost line), 
large volumes of sediment transport through spring meltwater and river 
ice-rafting, shore ice and scope for peat swamp development, all of which 
could be applicable to the Pheasants Nest and Broughton Formations. In 
addition, the possibility of permafrost closer to the southern source areas 
and their decreasing occurrences northward or discontinuous development 
across the frost line can be envisaged that could explain the two permafrost 
palaeosols in the Broughton Formation (Retallack, in press) and one 
apparent occurrence in the southern sector in the Pheasants Nest Formation 
(this study). The active volcanic domain and high proportion of sands in the 
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sediment budget even offer a more realistic setting for climatic-influenced 
fan sedimentation for the Pheasants Nest Formation. 
As mentioned early in the section, there is a blurred line of distinction 
between glaciofluvial systems and other fluvial systems dominated by 
braided streams. Martini et al. (1993) categorized points of differences 
between subarctic/ cold climate fluvial systems and glaciofluvial systems 
apparently based on their experiences in Canada and Pleistocene examples 
from Alaska. The distinction between meandering channels for non-glacial 
rivers and braided for glaciofluvial systems seem to be applicable to the 
Quaternary examples from the northern hemisphere, reflecting sediment 
inventory and generally lacking active volcanism. Thus, this criterion is not 
directly applicable to volcanic-dominated, sand-rich system of the Late 
Permian southern Sydney Basin. 
8.8 CONSTRAINING OF VARIABLES AND PROBABLE EQUIVALENT 
MODERN AND ANCIENT EXAMPLES 
The major variables of the Late Permian southern Sydney Basin sequences 
constrained in this thesis are: 
• depositional settings influenced by periglacial climate within or close to 
the maximum winter ice limit but beyond the summer ice limit 
(seasonal freezing and thawing); 
• volcanic activity; 
• active tectonics with multiple sediment sources, preferably a back-
arc/retro-arc foreland setting with trailing volcanic island chains distal to 
the main orogenic thrust; 
• constricted and shallow depositional basin, yet periodically accessible to 
storm waves; and 
• a sand-rich system with a huge inventory of sediments for primary 
deposition and subsequent cannibalization. 
This section refers to selected examples of settings, comparable in diverse 
ways, with those represented by the Broughton, Pheasants Nest and Erins 
Vale Formations. Given the process-response oriented, detailed 
sedimentological nature of the project, specific examples would shed more 
light on these Late Permian sequences than a generalized regional and 
global link-up story. Regarding the latter, excellent reviews of the inter- and 
intra-basinal and global correlation of the Sydney-Gunnedah-Bowen Basin 
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sequences, including the Late Permian southern Sydney Basin deposits, are 
given by Veevers et al. (1994a, b). 
No two examples of a tectonic, depositional and climatic setting can be 
identical to each other, especially when we are dealing with so many 
variables and ancient settings which have no perfect modern analogues. In 
the course of this thesis, references were made to a number of examples to 
explain the various aspects of depositional and climatic models enunciated 
for these rocks. A brief review of these examples are given below. It is then 
followed by further examples and case studies, not mentioned before. 
Review of Examples Cited in Preceding Sections: 
(1) The depositional environments of the Late Permian volcaniclastic 
Moranbah Coal Measures from the Bowen Basin (Falkner and Fielding, 
1990; Baker et al., 1993; Fielding et al., 1993) are broadly comparable with the 
Pheasants Nest Formation. Also, some similarities in the depositional 
environments between the lower German Creek Formation and the 
Broughton Formation were noted (Section 8.4.6). During the Late Permian 
to Early Triassic in the eastern Bowen Basin, volcanic highlands in the east 
delivered westerly prograding successive wedges of coarse elastic sediments 
into the basin, which were interpreted to have resulted from pulses of 
thrusting in a rising eastern orogen (Fielding et al., 1995; Holcombe et al., 
1997). The westerly prograding subaerial fan of the Pheasants Nest 
Formation from a supposed Currarong Orogen is a comparable phase from 
the southern Sydney Basin. 
(2) Early Permian Vryheid Formation, Ecca Group, Karoo Basin, South 
Africa (Cairncross, 1980, 1989): depositional settings and alluvial basin-fill 
model are comparable with the Pheasants Nest Formation (Section 8.4.6). 
The polar migration path in the Permian (Veevers et al., 1994b) brings in the 
possibility of similar climatic influence and development of vegetation 
(Section 8.7). 
(3) The example of a physiographic setting of a restricted, Broughton Sea 
with volcanic islands on one side and craton on the other side, is roughly 
given by the volcanic islands that shed sediments into the Waitemata Basin 
in the Auckland area, New Zealand, during the Miocene time (Hayward, 
1979; Ballance and Gregory, 1991). The influence of sediment gravity flows 
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in transporting megaclasts in marine conditions is illustrated by this 
example as mentioned in Section 5.2. 
(4) Considering the influence of meltwater flows generating braided 
subaerial fans and physiography (highlands with prograding fans on the 
coastal plains), modern braided outwash fans from the northeastern coast of 
the Gulf of Alaska (Boothroyd and Ashley, 1975) were cited as probable 
examples for certain depositional aspects of the Pheasants Nest Formation 
(Sections 8.4.6 and 8.4.3.5). 
(5) The modern example of the Quaternary Papuan Foreland Basin for 
alluvial deposition and as analogue for the Sydney Basin (Jones et al., 1984; 
Section 8.4.6). 
(6) In general terms, climatic control on sedimentation was discussed 
using the northern hemispheric subarctic to cool areas as a model; a detailed 
discussion of a case study of the Albany River, Ontario, Canada (Martini et 
al., 1993) and a reference to the St. Lawrence Estuary (Dionne, 1993) shed 
significant light on cold climate implications applicable to the Late Permian 
sequences (Section 8.7). 
The strength with this Canadian palaeoclimatic analogue is obviously the 
palaeoclimatic similarity and a well documented mode of sediment 
transport in a proglacial system under a periglacial climate that could be 
related to the Late Permian sequences. The deficiency with the Canadian 
examples is the dissimilarity in terms of tectonic setting and overall 
sediment budget, which are reflected in a matured stage of sedimentation on 
a stable continental shield. 
More examples: 
The Strait of Malacca and Sumatra compare broadly with the Sydney Basin 
and New England Fold Belt, respectively (Jones, 1986). The Japan Sea was 
cited as an analogue of the Bowen Basin (Baker et al., 1993), which is 
contiguous with the Sydney Basin. It is also applicable to the present case of 
the Late Permian southern Sydney Basin. The Japan Sea, a back-arc basin, 
receives quartzofeldspathic and volcaniclastic sands from the Asian rifted 
continental margin to the west and Japan Island arc to the e.ast, respectively. 
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The Taranaki Volcanoes and their ring-plains along the Tasman Sea in New 
Zealand (e.g. Palmer and Neall, 1989, 1991) are good examples for the 
volcaniclastic sedimentation in the Pheasants Nest Formation and the 
J amberoo Sandstone Member of the Broughton Formation. The distal 
H:i e. 
volcaniclastic alluvial aprons of Ngarauhoe in New Zealand and that of the 
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Mount Lamington in Papua New Guinea provide a possible example of 
subaerial to shallow marine gradation of the volcaniclastic sediments 
(K.A.W. Crook, pers. communication, 1994). The same applies to several 
examples from modern volcaniclastic sedimentation along the Pacific coast 
of South America, specifically the Samala River and the southwestern 
coastline of Guatemala (Kuenzi et al., 1979; see below). 
Case Study of the Southwestern Guatemalan Coast: 
The history of sedimentation and geomorphological evolution since the 
1902 Santa Maria volcanic eruption in the southwestern Guatemalan coast 
(Kuenzi et al., 1979) are worth examining. The post-eruptive, extremely 
rapid sediment aggradation in the coastal plains causing braided alluvial fan 
and deltaic progradation have a great deal of similarity with the braided 
subaerial fan deposition and deltaic shoreline progradation in the southern 
part of the depositional setting during the upper Broughton and Pheasants 
Nest Formation time, and also possibly during the deposition of the lower-
middle Broughton Formation. With the passage of time an evolution of the 
shoreline, in response to gradually reduced sediment supply following the 
initial volcanic event, was noted in the southwestern Guatemalan coast: a 
deltaic shoreline transformed into an arcuate shoreline dominated by 
prograding shoreface-beach environments, i.e. alongshore basinal processes 
redistributing sands became dominant. A similar shoreline evolution has 
been documented for the upper Broughton Formation. 
Case Study of the Ordovician Tryfan Fach Member, Wales, U.K. 
The studies of the Ordovician Tryfan Fach Member, Llewelyn Volcanic 
Group, North Wales, UK (Orton, 1995) show similarities with the Late 
Permian sequences. The complexity of volcanic terrain and volcaniclastic 
sedimentation is also applicable, e.g. introduction of sediments from 
multiple sources, including non-volcanic sources and multiple volcanic 
vents, rapid sedimentation and a wide range of grain-size and sorting, 
frequent facies changes, growth of intrabasinal volcanoes forming 
physiographic barriers that isolate depositional systems and limit wave 
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attack, and complications arising from the influence of volcanic activity on 
basin subsidence. 
The Llewelyn Volcanic Group was deposited in extensional rift basins with 
volcanoes erupted through faults and forming several depocentres into 
which marine incursions occurred. Lacking any sedimentary structures, the 
lower basal Tryfan Pach Member was interpreted to have been deposited 
below storm wave base in offshore areas and the sediments were 
presumably carried in river-derived underflows (cf. lower Broughton 
Formation). The upper part was deposited in shallower water with evidence 
for wave processes including quasi-planar lamination (cf. diffusely 
laminated facies in the Composite Facies SDLMB from the Broughton 
Formation borehole sequences, see Chapter 2), HCS and SCS (cf. middle-
upper Broughton Formation). The overlying rhyolitic, coarse-grained 
sandstone represents bedload-dominated braided streams with abundant 
sheet flood deposits and trough cross-bedding. This is roughly similar to the 
braided sub aerial fan interpreted from the UNRL Y series outcrops of the 
Pheasants Nest Formation. However, other than the similarities, the 
dissimilarity of the Tryfan Pach alluvial system (dominated by unconfined 
sheetflood) with a cited modern analogue of the South Saskatchewan River, 
Canada (Cant and Walker, 1978), offers a partial analogue for the basal 
Pheasants Nest Formation exposed at UNRLYl location (see Section 6.2). 
The trough cross-stratified sandstone forming three-dimensional 
megaripples dominates the South Saskatchewan River with a maximum 
depth of 5 m. This is similar to the channelized flow interpretation given 
for the UNRL Yl sequence. Hyperconcentrated flood flow deposits in the 
Tryfan Pach Member alluvial system are another similar facies documented 
in the Pheasants Nest Formation. The upper part of the sequence, 
interpreted as a floodbasin association deposited in a submerged low-
gradient alluvial plain overlain by offshore marine sediments, offers a good 
palaeoenvironmental similarity and evolution with the upper Pheasants 
Nest Formation and the Erins Vale Formation. 
The epiclastic fan progradation from another side of the basin during the 
Tryfan Pach Member time roughly reflects the bipolar sediment transport 
from cratonic and volcanic sources interpreted for the Pheasants Nest 
Formation. In conclusion, the overall depositional .evolution of the 
Ordovician Tryfan Pach Member from North Wales (UK) has a good deal of 
similarity with the Late Permian sequences under consideration. 
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Predictive List of Areas: 
Following the above detailed discussion concerning various modern and 
ancient examples comparable to the Late Permian sequences, including 
specific case histories, an attempt will now be made to search for and list the 
potential 'modern analogues' from relatively unknown areas where a 
number of controlling variables might be operative. This forms an 
additional aspect of the ongoing discussion. The various models and 
variables interpreted for the Late Permian sequences may be applied to 
many examples already discussed and to these additional areas to further 
understand them and to refine the Late Permian models. 
The author undertook a reconnaissance study of the Natural Hazards Maps 
of the Circum-Pacific Region (Lockwood et al., 1990), showing the 
distribution of volcanic areas, ranges of storm waves, ice-limit and climatic 
zonations. A number of northern circum-Pacific settings have the potential 
to contain the constrained variables mentioned early in this section. These 
are, among others, the southern Bearing Sea off Alaska and the Aleutian 
islands; the Kuril Islands and Basin; southern Kamchatka and southern Sea 
of Okhotsk; and northern Hokkaido and adjacent Japan Sea. Most of these 
geographic areas appear to be virgin research fields in sedimentology, at least 
in terms of detailed studies. 
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8.9 CONCLUSION 
8.9.1 Concluding Summary of the Depositional History of the Formations 
Upper Berry Siltstone and Lower Broughton Formation: 
The evidence accumulated in this study confirms that by the lower 
Broughton Formation time, a restricted basin, dubbed herein, the 
'Broughton Seaway', existed between the western cratonic landmass and a 
north-northeast oriented volcanic barrier extending northward from the 
Nowra-Gerringong area. The shoreface successions of these volcanic islands 
were superimposed on the overall offshore realm represented by the Berry 
Siltstone. The interdigitating depositional architecture displayed by the 
upper Berry Siltstone and lower Broughton Formation reflects a western-
sense of progradation of volcarenite wedges shed from the growing 
volcanic island chain in the east and southeast. This formed a north-
northeast elongate lower offshore sand-belt which interfingered with the 
lower offshore silts of the Berry Siltstone in the central and western parts of 
the basin. 
In the magmatic arc-sourced, orogen-proximal areas of this foreland basin, 
sands were, by far, more dominant than mud in the total sediment budget. 
These sands were periodically deposited from river-derived meltwater 
underflows or massflows on the shorefaces of the southern and eastern 
volcanic islands, under the influence of a periglacial climate with seasonal 
freezing and thawing cycles. Some sediment was also ice-rafted out to sea. 
The muds were carried farther offshore in suspended sediment plumes to 
the west and deposited as the offshore silt blanket of the upper Berry 
Siltstone. Farther west, beyond a zone of mixing between fine-grained 
quartz-rich sediments derived from the craton and volcanolithic sediments 
from the orogen, the quartz-rich and sandy Berry Siltstone represents 
offshore sedimentation proximal to the vegetated cratonic drainage basin. 
However, this subdued hinterland was not able to make a significant 
depositional impact on the volcaniclastic sedimentation approaching from 
the orogen. 
Apart from recording periodic submarine lava flows (e.g. Blow Hole Latite 
Member), the southeastern part of the depositional setting; being shallower 
than the northeastern/northern parts, was more influenced by the north to 
northeasterly oriented tidally-driven currents flowing along the shores of 
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the volcanic island chain (e.g. Westley Park Sandstone Member). The main 
mechanisms of sand transport to the offshore region appeared to be via 
suspension clouds formed by intermittent, episodic events such as storm 
flows and/ or river-flood derived underflows. Also, tidally-driven large 
sandwaves periodically migrated to the north and northeast and were fed to 
the lower offshore sand-belt by storm-generated bottom return flows, where 
they lost their depositional fabric due to greater water depth and associated 
bioturba ti on. 
Regarding the source areas, emergent volcanic islands with alluvial 
processes, soil and taiga woodland, were coeval with the lower Broughton 
Formation. 
Middle Broughton Formation: 
The middle Broughton Formation, with a nearly layer cake depositional 
architecture, is interpreted to represent upper offshore sand-sheets. The 
latite-dominated middle-upper Broughton Formation from Shellharbour to 
Wollongong, including the greater Wollongong area, and the Kiama 
Sandstone Member of the latite-dominated lower Broughton Formation 
have depositional similarity with the sand-sheets suggesting widespread 
development of time-transgressive, above storm wave base, aggradational 
sedimentation between the initial below storm wave base sands of the lower 
Broughton Formation and the shoreface to marginal marine environments 
of the upper Broughton Formation. 
Tremendous amounts of sediment shed from the southern volcanic sources 
not only supplied sands to the Broughton Seaway, but also choked the seas 
in the proximal areas resulting in a rapid change from offshore fades to 
shoreface and the ring-plains of volcanic alluvial fans in the south 
(Jamberoo Sandstone Member). A delta was constructed through 
outbuilding of the sandskirt of this fan and was a mixed type between a 
pyroclastic delta and alluvial fan delta, which was dominated by epiclastic 
hyperconcentrated flood flows remobilizing the primary /proximal fan 
materials. These kinds of deltas were probably significant sources of, and 
depositional conduits for, the deposition of the middle Broughton 
Formation and also, probably, for the lower Broughton Formation. The 
sediment dispersal mainly occurred through wave actions in a storm-
dominated setting. 
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Sections of the southeastern and mid-southern parts of the basin had 
actually emerged above sea level (Jamberoo Sandstone Member) as a 
prelude to further shoreline progradation during the upper Broughton 
Formation. These became matured landmasses that supported taiga 
woodlands on their airfall tuff-rich, floodplain soil. Coeval storm-
influenced offshore sedimentation existed in the northeast (for instance, 
outcrops between Shellharbour and Port Kembla) and the overall 
depositional system was influenced by both subaerial sedimentation 
(Jamberoo Sandstone Member) and submarine lava flows (e.g. Bumbo Latite 
Member). 
Upper Broughton Formation: 
The upper Broughton Formation records an evolution from upper offshore 
(middle Broughton Formation) to shoreface-shoreline conditions marked by 
deposition of progradational wedges mainly from the south with a hint of 
contribution from the western craton. 
An earlier stage in the evolution of the Broughton Seaway is represented by 
the latite-dominated upper Broughton Formation in the southeastern 
locations compared to the later-stage infilling of this seaway recorded in 
central part of the basin. Source-proximal, offshore to foreshore depositional 
evolution was characterized by storm wave-dominated sedimentary 
processes active on a north-northeasterly to northerly oriented shoreface 
dipping to the west, which was founded on a submarine volcanic slope 
(Dapto Latite Member). 
The depositional architecture of the upper Broughton Formation is marked 
by lateral accretion on dipping clinoform surfaces and is interpreted as a 
northeastward diachronous progradation of the southern shoreline, which 
progressively filled up the Broughton Seaway. Accordingly, the 
palaeoenvironmental transitions were as follows. 
Alluvial delta and deltaic subenvironments -> diminishing deltaic and 
increasing non-deltaic/inter-deltaic influences -> mostly non-deltaic/inter-
deltaic, apparently barred shoreline progradation with greater influence of 
tide increasingly toward the northeast. This reflects waning Gerringong 
volcanic barriers facilitating increased influence of waves and tides and a 
progressively distal shoreline evolution with diminishing deltaic influence 
on the shallow marine depositional regime. 
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Pheasants Nest Formation: 
The eastern and southeastern shoreline exhibited a wave-dominated 
shoreface (upper latite-dominated Broughton Formation), northwesterly-
flowing braided subaerial fans and accompanying volcanism (e.g. basal 
Pheasants Nest Formation and the pahoehoe lava flows of the Berkeley 
Latite Member). These fades were part of an apparently arcuate 
volcanogenic shoreline which extended to the southwest transforming the 
Broughton Seaway into a shallow bay open to the northeast. 
The periglacial braided subaerial fans with subordinate sediment gravity 
flows modelled for the lower and middle Pheasants Nest Formation played 
an important influence on the sediment supply and basin development. 
This depositional system in the southern and southeastern parts of the 
study area delivered vast volumes of volcaniclastic sediment to the basin 
through northerly /northeasterly and northwesterly flowing drainage 
systems, respectively. They greatly contributed to the northward 
progradation of the shoreline and retreat of the Broughton Seaway. During 
the initial stage of this diachronous shoreline progradation, the southern 
subaerial volcanism (e.g. Minnamurra Latite Member) and the 
northerly /northeasterly prograding braided fans fed the subaqueous delta of 
the upper Broughton Formation in the south. During the later stages, the 
progressive northward shift from lower deltaic to inter-deltaic and barred 
shoreline progradation of the upper Broughton Formation was 
contemporaneous with the upper deltaic and distributary coastal zone 
sedimentation of the Pheasants Nest Formation. 
The basin-fill architecture, supported by other evidence, suggests that during 
most of the Pheasants Nest Formation time, the southern, southeastern and 
western basin margins served as transport corridors for sediments deposited 
in the basin, with the result of remarkably thinner I condensed sequences in 
these places compared to the central basinal deposits. In addition to the 
southern and southeastern volcanolithic sediment input, quartz-rich 
sediments were also delivered to the basin from the western cratonic 
margin. This resulted in a centripetal sediment transport pattern toward a 
northeast-oriented depocentre, which also meant development of a 
northeasterly flowing longitudinal drainage system. The basin-fill model 
probably approached the 'retroarc or foreland basins' model of Miall (1982). 
Physiographically, most part of the former Broughton Seaway had now 
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transformed into an alluvial valley between the volcanic and cratonic 
hinterlands. 
During the upper Pheasants Nest Formation time, reduced sediment supply 
caused cannibalization of the subaerial fan deposits as commonly occurs 
during foreland basin evolution. The channel patterns probably also 
changed, having an adverse effect on the development of the Unanderra 
and Figtree Coal Members. The resulting probabilistic model shows 
extensive development of flat, alluvial plain with an axial drainage pattern, 
low-lying coastal swamps and networks of high sinuosity, single channel or 
multiple channel anastomosing river systems. Given the fact of an 
impending transgression (Erins Vale Formation), this depositional 
environment was facilitated by a slowly rising sea level. The volcanic source 
areas would now be represented by a subdued relief. 
Erins Vale Formation: 
A shoreline transgressive facies of bioturbated, rooted massive sandstone, 
generally indicates the first sign of inundation of the alluvial setting of the 
upper Pheasants Nest Formation. The lower-middle Erins Vale Formation 
is interpreted to have been deposited in shoreface to offshore conditions in 
the east and north, including an oxygen-deficient, lower offshore regime 
represented by the Kulnura Marine Tongue Member. To the west and south, 
biologically modified washover fans, subaerial dunes and associated 
lagoonal marsh deposits represented the shoreline facies of a transgressive 
barrier system. 
The basin was filled by the following during the upper Erins Vale 
Formation time: 
(1) western and northwestern fan delta progradation from the cratonic 
margin with its upward gradation to the subaerial fan of the 
Marangaroo Conglomerate; 
(2) the central and southern regressive barrier system; and 
(3) below storm wave base offshore mud overlain by energetic shoreface 
sands in the east. 
Two alternative basin-fill models are possible: (a) synchronoµs, tripartite 
basin-fill; and (b) diachronous, northeasterly progradational shoreline 
model. 
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In the eastern part, a bounding discontinuity marks the superimposition of 
a regressive and progradational sandy shoreface sequence on the offshore 
sediments. A disconformity between the Erins Vale and Wilton Formations 
attests to strong fluvial progradation and regression. The channel 
sedimentation forming the basal Wilton Formation was followed by the 
peat swamps of the Woonona Coal Member whereas floodbasin deposition 
occurred in the southern and central parts of the basin. 
The semi-enclosed I epeiric Erins Vale sea was caused by regional sea level 
rise resulting in a transgression across the topographically low-lying 
northeastern to northern alluvial plains of the Pheasants Nest Formation. 
Although meltwater flows and ice-rafting from rivers were still operative, 
sediment input from the land was not sufficient to keep pace with a rising 
sea level during the deposition of the lower Erins Formation. The 
transgressive regime redistributed the sediment, much of which were 
palimpsest Pheasants Nest Formation, and formed low-energy barrier 
deposits. During the regressive upper Erins Vale Formation time, strongly 
storm wave-dominated conditions prevailed in the eastern part of the basin 
as the shoreline prograded toward the more open sea in the northeast. 
8.9.2 Concluding Summary: Implications of Tectonics and Sea Level 
Changes 
Based on a set of premises, this study produces a model that serves to 
explain the depositional evolution of the Late Permian sequences and 
explores its genetical connection with tectonism and sea level changes. 
The third stage of compressional and flexural loading (Stage 'C' of Veevers 
et al., 1994a) in the southern Sydney Basin was manifested in the Currarong 
Orogen, associated Gerringong volcanic barriers and the Broughton Seaway 
and had tremendous influence on sedimentation during the Late Permian. 
The upper Nowra Sandstone and lower Berry Siltstone form a transgressive 
systems tract bounded by a marine flooding surface under the Purnoo 
Conglomerate Member of the Nowra Sandstone and by a suspected 
maximum marine flooding surface within the lower Berry Siltstone. The 
interdigitating lower offshore fades of the upper Berry Siltstone and lower 
Broughton Formation and the upper offshore sand-sheets fades of the 
middle Broughton Formation represent an overall highstand systems tract. 
It includes a highstand progradational wedge in the lowest Broughton 
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Formation (shoreface successions of the volcanic islands) followed by 
transgressive pulses represented by the lower offshore sand-belt of the lower 
Broughton Formation. 
No significant eustatic contribution to the development of transgressive 
systems tracts is documented. Rather it was caused by a sustained tectonic 
loading starting before mid-Nowra Sandstone time producing a protracted 
subsidence. The loading deepened the north-northeasterly oriented 
depocentre (?Newcastle Sub-basin) through movement along the zone of 
weakness in its basement, thus contributing to the focusing of 
sedimentation into the lower offshore sand-belt of the lower Broughton 
Formation. Compactional subsidence was probably another contributing 
factor. Inflation and deflation of magma chambers causing periodic large-
scale, basin-wide regression and transgression are yet to be documented for 
these sequences. 
The net progradation started to occur after the cessation of the flooding 
event in the lower offshore setting of the lower Broughton Formation and 
upper Berry Siltstone. Subsequently, a more stabilized base-level situation 
followed a reduction of basin subsidence rate and allowed aggradational 
sedimentation of the upper offshore sand-sheets to occur. This meant that 
the volcaniclastic sediment could no longer be buffered in the eastern sand-
belt and it swamped the western part of the basin. Thus, the uppermost 
Berry Siltstone and the lower to middle Broughton Formation represent 
highstand systems tract. 
The upper Broughton Formation and lower-middle Pheasants Nest 
Formation constitute a lowstand systems tract, including early regressive 
phases represented by the upper Broughton Formation and interludes of 
still-stand conditions or subsidence due to delta switching processes 
represented by sections of the Pheasants Nest Formation during an overall 
regressive sedimentation regime. The propagation of compressional energy 
from the orogen, which caused subsidence in the depocentre and developed 
a foreswell on the basin margin, was the likely cause. Eustatic effects remain 
uncertain. 
The upper Pheasants Nest Formation indicates an early transgressive stage. 
The lower Erins Vale Formation, including the Kulnura Marine Tongue 
Member, is a transgressive systems tract bounded by a marine flooding 
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surface at its base. The middle Erins Vale Formation probably constitutes a 
highstand systems tract. 
The upper Erins Vale Formation with its progradational fan delta and 
regressive barrier system and energetic shoreface deposits indicates an early 
regressive phase of a lowstand systems tract. 
The basal Wilton Formation and Marangaroo Conglomerate form a 
lowstand wedge bounded by a disconformity at their base. Thus, a lowstand 
systems tract, consisting of an early regressive phase of the upper Erins Vale 
Formation and a lowstand wedge of the basal Wilton Formation and the 
Marangaroo Conglomerate, is interpreted. They developed due to a 
foreswell produced on the cratonic margin. 
Notwithstanding the fact that sequence stratigraphy does not form a 
research objective, this study has accumulated a significant basis for such 
work. The author suggests integrated future studies to develop a 
comprehensive sequence stratigraphical framework for the Sydney-
Gunnedah-Bowen Basin sequences. 
The Orogen: 
This study provides strong evidence in support of an eastern foreland 
orogen, the Currarong Orogen. It is likely that the Gerringong volcanics 
erupted along north-northeast oriented faults related to the compressional 
tectonics and represented submarine to subaerial volcanism along the 
western flanks of the Currarong Orogen. The Offshore Uplift is probably a 
preserved portion of the Currarong Orogen and the north-northeast 
oriented Newcastle Sub-basin, with its protracted subsidence, was a likely 
foredeep (depocentre) for the Late Permian sequences with similar isopach 
trends and palaeocurrent flows. This is a speculative hypothesis in view of 
the enigmatic orogen. 
A future research on the eastern foreland orogen, as it concerns the 
southern Sydney Basin, merits a top priority. 
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8.9.3 Concluding Summary: Palaeoclimatic Model for Sedimentation 
The palaeoclimatic influence on sediment supply and depositional 
environments has so far been largely overlooked in the study of the 
southern Sydney Basin sequences. This study proposes a probabilistic model 
detailing very significant influence of palaeoclimate on sedimentation. 
A periglacial climate with seasonal freezing and thawing is interpreted for 
the Late Permian southern Sydney Basin. A discussion on the palaeolatitude 
concludes variable proximity to the pole and a cool-cold-frigid palaeoclimate 
for the Late Permian Sydney Basin. 
Valley glaciers, variably frozen rivers and sea in winter are inferred. 
Episodic meltwater discharges mobilizing large volumes of volcaniclastic 
materials in spring (as lahars at times of large floods and/ or volcanic 
eruptions) and associated ice floes enroute to the sea were the major mode 
of transportation of sediments. These processes evacuated unconsolidated 
sediments from the source regions resulting in rapid sedimentation and 
widespread development of alluvial fans, plains and sandy shallow marine 
deposits as part of foreland basin evolution and also, destroyed records of 
proximal fan and volcanic hinterlands. River- and shore-sourced ice-rafting 
in the sea, storm wave depositional processes in summer and a frozen sea in 
winter allowing a longer window of opportunity for the burrowers to 
homogenize the sediments are possible. This depositional scenario of the 
Broughton Formation is discussed with reference to the high latitude 
northern hemispheric areas. 
Case studies from the present-day subarctic and cold-cool regions of Canada 
and Alaska are examined in detail to illustrate the real possibility of the 
development of a climatic gradient from subarctic to cold or cool conditions, 
with associated sediment transport through spring-thaw runoff, river ice-
rafting, shore ice and the scope for peat swamp development, all of which 
are applicable to the Pheasants Nest and Broughton Formations. The active 
volcanic domain and high proportion of sands in the sediment budget even 
offer a more realistic setting for a climate-influenced fan sedimentation for 
the Pheasants Nest Formation. The possibility of a gradational zone of 
southern frost line is invoked, in the light of the Canadian example, to 
explain the two permafrost palaeosol profiles in the Broughton Formation 
(Retallack, in press) and one in the southern. sector (Pheasants Nest 
Formation, this study). 
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8.9.4 Conclusion: Constraining of Variables and Comparable Examples 
The major variables of the Late Permian southern Sydney Basin sequences 
constrained in this thesis include parameters like tectonic, physiographic, 
volcanic, climatic, sediment budget and dominant depositional processes 
(see Section 8.6 for the list). 
Since no two cases of a tectonic, depositional and climatic setting can be 
identical, various modern and ancient global examples are referred to which 
are comparable, in diverse ways, to the Late Permian southern Sydney Basin 
sequences. The detailed comparative studies identified some of the modern 
and ancient examples to be broadly similar to the Late Permian sequences. 
The cited ancient examples include: Late Permian volcaniclastic Moranbah 
Coal Measures and lower German Creek Formation, Bowen Basin, 
Queensland; Early Permian Vryheid Formation, Ecca Group, Karoo Basin, 
South Africa; Miocene Waitemata Basin, New Zealand; and Ordovician 
Tryfan Pach Member, Llewelyn Volcanic Group, North Wales, UK. 
The cited modern examples include: Taranaki Volcanoes and their ring-
plains along the Tasman Sea, New Zealand; distal volcaniclastic alluvial 
aprons of Ngarauhoe in New Zealand and Mount Lamington in Papua New 
Guinea; Quaternary Papuan Foreland Basin; the Strait of Malacca and 
Sumatra; the Japan Sea and Island Arc; braided outwash fans from the 
northeastern coast of the Gulf of Alaska; northern hemispheric subarctic to 
cool areas (e.g. Canadian Rockies, Alaska, southern Bearing Sea); the Albany 
River and the St Lawrence Estuary, Canada; south Saskatchewan River, 
Canada; and evolution of the southwestern Guatemalan coast since the 1902 
Santa Maria volcanic eruption. 
Additionally, this project mentions a predictive list of areas where a number 
of controlling variables might be operative similar to the Late Permian 
setting. They include: southern Bearing Sea off Alaska and Aleutian islands, 
Kuril Islands and Basin, southern Kamchatka and southern Sea of Okhotsk, 
and northern Hokkaido and adjacent Japan Sea. Future works in these 
largely sedimentologically undocumented areas might not only find 
applicability of various aspects modelled for the Late Permian southern 
Sydney Basin sequences but usher in exciting frontier research in 
sedimentology. 
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The various models and variables interpreted for the Late Permian 
sequences may be applied to the above ancient and modern deposits to 
further understand them and to refine the Late Permian models. 
8.9.5 Future Research 
The following future research directions are suggested. 
(1) The application of the Late Permian models and depositional variables 
to other areas of the world as suggested in Section 8.9.4. 
(2) A detailed investigation to unravel the foreland orogen and the 
development of sub-basins as they concern the southern Sydney Basin 
(Sections 8.6.10 and 8.9.2). 
(3) A comprehensive and integrated sequence stratigraphical or 
allostratigraphical and sedimentological study to investigate the 
genetic stratigraphical relations among the Sydney-Gunnedah-Bowen 
Basin sequences that would also strive to separate volcano-tectonic and 
eustatic contributions to base level changes, difficult as it may be 
(Section 8.9.2). 
(4) The extent of glacial influences on the Sydney Basin sequences and 
determination of the palaeotemperatures through oxygen isotope ratio 
methods (Section 8.7). 
8.9.6 Epilogue 
This work has produced a number of fades models. The chief among them 
are: an intermediate delta type between an alluvial and pyroclastic delta -
rapidly prograding sandskirts of a volcanic alluvial fan (reinterpretation of 
the J amberoo Sandstone Member); submarine lava-sediment interactions 
and a progradational shoreline model in a volcanic-dominated setting 
(Broughton Formation); braided subaerial fan models with periglacial 
influences (Pheasants Nest Formation); a record of pahoehoe flows in a 
bedload-dominated fluvial setting (Pheasants Nest Formation); low-energy 
transgressive and regressive barrier island models and basin-fill history 
(Erins Vale Formation). The detailed borecore fades analysis produced 
comprehensive discussion on various structures and depositional 
conditions, used the criterion of the degree of bioturbation in fades 
association studies and proposed and tested the concept of composite fades. 
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The above contributions made to the field of sedimentology may be 
applicable to other areas. 
This project applied lateral profiling and architectural element analysis in 
difficult circumstances and thereby proved the technique's utility. It has 
refined the use of architectural element analysis to subaerial fans and has 
demonstrated the use of two-fold 4th order bounding surfaces in a fan with 
abundant scour-fill structures. For the first time, the lateral extent, 
sedimentary structures and three-dimensional reconstruction of subaerial 
fan sedimentation have been recorded from outcrops southwest of 
Wollongong. This has also facilitated an interpretation of similar subsurface 
facies in the southern part of the basin. 
This study has demonstrated that rigorous sedimentology and imaginative 
interpretation of outcrop and drillcore data can still depict basin-fill history 
in areas with limitations in data. 
This project has constrained the chief attributes of a restricted basin (the 
Broughton Seaway), produced a series of detailed depositional models for 
lithostratigraphic intervals and linked them up to produce a comprehensive 
depositional framework of the formations. It has illustrated the influences 
of volcano-tectonic controls and sea level changes on the depositional 
evolution of the sequences and developed a sound basis for integrated 
sequence stratigraphical studies. This work has modelled and pioneered the 
study of palaeoclimatic influence on sediment supply and deposition. This 
study has been able to constrain the multitude of variables of the Late 
Permian depositional settings and has examined various equivalent 
modern and ancient global examples. Also, a number of relatively 
unknown areas have been predicted as potentially comparable with the Late 
Permian settings. At the end; several future research options have been 
suggested. 
In conclusion, this thesis with spatial deficiency in the data base, complexity 
imposed by volcano-tectonic, eustatic and palaeoclimatic controls on 
sedimentation, and an enigmatic orogen and source areas was truly a 
stimulating and challenging research with scope for imaginative modelling 
and conceptualization. 
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(modified after Jones, 1986, fig.4). The outcrops and boreholes are confined 
in the area demarcated by a box in the central and north-eastern parts. A 
simplified geology is also shown. 
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Fig. 1.3 Cross-section showing the tectonic setting of the Sydney Basin 
(after Hutton et al., 1990a, fig.1.1, v.2) 
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Fig. 1.4 Structural features of the southern Sydney Basin (after Hutton et 
al., l 990a, fig.1.3, v .2). 
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Fig. 1.5 The palaeogeography of the Sydney Basin during the upper 
Shoalhaven Group time (after Herbert , 1980, fig. 2.12). 
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Fig. 1.6 Borehole locations. The cross-section lines refer to the drillcore transects shown in Figs 8.1 and 8.2. 
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Fig. 1.7 Outcrop locations. 
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Fig. 1.8 The morphological elements of shoreline to shallow marine profile (modified after Walker and Plint, 1992, fig. 1). 
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Fig. 2.1 Facies Slax interpreted as probable SCS. A probable hummock associated 
with HCS and SCS is hinted by the lower graded sand layer. From depth interval 815-
812 m, BH Wollongong 35. Scale in cm. Dry sample. 
Fig. 2.2 A calcareous Facies Sma unit with an erosive basal contact lies over dark 
coloured, bioturbated and massive fine-grained rocks (Subfacies Fdmb ). The distinct 
contact is at 333 m from BH Huntley 7 sequence (see Appendix 2.3.4). Scale in cm. Wet 
sample. 
2.3.a Facies Smb. Generally monolithic sandy deposits have sharp internal contacts 
with or without thin muddy bands or their remnants. Subvertical burrows (Skolithos) are 
seen in this box of continuous core, e.g. in the lower portion of the extreme right row. 
Each row is 1 m long and youngs from bottom left to upper right. From depth interval 
722-718 m, BH Moonshine 7A. 
2.3.b Mottled fabric of Facies Smb. From just below the depth mark 712.40 m, BH 
Wollongong 35. Scale in cm. Wet sample. 
2.3.c Fossil debris in Facies Smb. Facies successions indicate a transgressive phase 
(For a detailed interpretation see Appendix 2.3.4). From depth 396.30 m, BH Huntley 7. 
Wet sample. 
2.3.d Two types of bioturbated massive sandstone distinguished by colour contrast 
and carbonaceous materials. 
Left: An example of sandy, quartz-rich and carbonaceous samples of Subfacies Fdmb 
from the western part of the basin. From below the depth mark 343.75 m, BH Nattai 1. 
Right: An example of commonly occurring light coloured, Facies Smb which contains 
dark coloured clasts, apparently obtained by reworking Subfacies Fdmb. From above the 
depth mark 343.75 m, BH Nattai 1. Both samples are wet. 
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Fig. 2.3-b 
Fig. 2.1 
Fig. 2.3-a 
Fig. 2.3-c 
Fig. 2.2 
Fig. 2.3-d 
Fig. 2.3.e Subfacies Fdmb with Zoophycos of Zoophycos ichnofacies. From depth 610 
m, BH Oakdale 1. Scale in cm. Wet sample. 
Fig. 2.3.f Subfacies Fdmb with Planolites and Muensteria of Cruziana ichnofacies. 
From depth interval 339.80-339 m, BH Huntley 7. Dry sample. 
Fig. 2.3.g Subfacies Gmb and probable HCS. The right core sample, likely to be an 
HCS sandstone, overlies the conglomerate sample on the left. The graded character of 
conglomerate and probable HCS sandstone indicate storm events. From depth interval 
729-723 m, BH Wollongong 35. Wet samples. 
Fig. 2.4 Composite Facies SDLMB. Diffuse, subplanar to low-angle laminae 
characteristic of Facies Sdl. Note the subtle thickening and thinning aspect of these 
laminae. From depth interval 96-100 m, BH UWl. Wet slabbed sample. 
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Flat bed 
Near-horizontal fine laminae 
Three-dimensional vortex ripples 
(flatter) 
>.dm-m, I 15-20 
Swaley sets of cross laminae with 
set contacts sloping less than 10°, 
hummocks rarely preserved 
Three-dimensional vortex ripples 
(steeper) 
>. dm-m, I - 10 
Hummocky sets of cross laminae 
with set contacts sloping as much 
as 10-15° 
Two-dimensional vortex ripples 
>.cm-dm,I 6-10 
Small intricately "braided" sets 
of cross laminae 
Rolling grain ripples 
.Acm, I large 
Thin laminae, low angle cross 
lamination or flat lamination 
Fig. 2.5 "Sequence of stratification types formed in fine sands by 
oscillatory flow with increasing maximum orbital velocity, for moderate to 
large wave periods" (after Harms el" al., 1982, fig. 3-16). A low orbital velocity 
produces rolling grain ripples which might have been the causative 
bedforms for the likely formation of low-angle cross-laminae and flat 
laminae in Facies Sdl. 
Fig. 2. 6.a Composite Facies SFLGB. Facies SFlg occurring in the lower half of the 
sample contains internally graded planar laminae, sporadic flaser laminae and a funnel-
shaped trace fossil, Cylindrichnus. The upper half of the sample represents the associated 
Facies Smb. From depth interval 1288-1285, BH Bootleg 8. Wet sample. 
Fig. 2.6.b Composite Facies SFLGB. Alternating bands of sandstone and mudrock, the 
latter containing very thin and thin silty laminae. An Ophiomorpha is conspicuously 
present. The core sample is 18 cm long. From depth interval 734-729 m, BH Moonshine 
7 A. Wet sample. 
Fig. 2.6.c Composite Facies SFLGB. Left sample (slabbed): The mudrock in the lower 
two-third shows silts defining sharp-based subplanar laminae, micro-cross-laminae and a 
flame structure in the background of mud sedimentation. The upper one-third is sandy 
and bioturbated (Facies Smb). From depth interval 651.8-650 m, BH Wollongong 13. 
Right sample (outer core): retrusive Diplocraterion (jugichnia?) from a bioturbated 
interval in Composite Facies SFLGB. Major scale divisions are in cm. From depth 
interval 657-655.36 m, BH Wollongong 13. Dry sample. 
Fig. 2.7.a Composite Facies SGG-1. Fining-upward coarse-grained horizons in the 
middle and upper parts of the sample are interbedded with sandstone containing disrupted 
muddy laminae. The sample is variably burrowed. From depth interval 733.38-733 m, 
BH Moonshine 7A. Wet sample. 
Fig. 2.7.b Composite Facies SGG-11. Note mud flasers, a mudstone band and coarse-
grained ripple. Core samples young from bottom left to upper right. From depth interval 
88-87 m, BH UWl. Dry samples. · 
Fig. 2.8 Characteristic HCS features seen on the outer and slabbed surface of a core 
sample. Scale showing 2 cm mark. From depth interval 718.80-718.62 m, BH Alliance 
Cataract 1. Wet sample. 
Fig. 2.9 Composite Facies SXB showing alternate Smb and Sx. The cores young 
from bottom left to upper right. From depth interval 758-755 m, BH Moonshine 7 A. Wet 
samples. 
Fig. 2.10.a Composite Facies SXLGB. Smb (extreme left sample) is overlain by a 
sharp-based graded bed which grades upward into cross-laminated interval (2nd and 3rd 
row from left). It is in turn grades back to Smb (4th and 5th rows from left).The cores 
young from bottom left to upper right. From depth interval 96.95-96.22 m, BH UWl. 
Dry samples. 
Fig. 2.10.b Composite Facies SXLGB. Facies Smb in the extreme left sample grades 
upward into burrowed, amalgamated cross-laminated (Facies Sxl) intervals. Core 
samples young from bottom left to upper right. Note internal erosive contacts 
(reactivation surfaces?) and series of superimposedfugichnia. From depth interval 93.20-
92.48 m, BH UW 1. Dry samples. 
12 
Fig. 2.6-a Fig. 2 .6~b 
Fig. 2.6-c 
Fig. 3.1 Facies Ctu with desiccation cracks; from depth interval 631.39-1630.64 m, 
BU Wollongong 35; wet slabbed core; scale divisions in mm showing an 8 cm mark. 
Fig. 3.2.a Attributes of Facies DSmd; also shown are intervening diffusely stratified 
sandstone and a thin layer of coal (lower part in the extreme righr core); youngs from 
bottom left to top right; incomplete section of continuous cores from the depth range 309-
304, BH ER8. 
Fig. 3.2.b Attributes of Facies DSmd; also shown intervening laminated mudstone 
bands (Facics Fcl); youngs from bottom Jeft to top right; depth interval l 037 .S.-1031.5 m, 
BH Bootleg 8; each row in the box is I m Jong. 
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Fig. 3.1 
Fig. 3.2-b 
Fig. 3.2-a 
Fig. 3.3 Middle and right rows: Subfacies Smdl showing discontinuous, low-angle diffu e laminae and apparently ma ive interYals interpreted as 
subaerial hyperconcentrated flood flow deposits. 
Left row: bioturbated granular sandstone (in the lower part) overlain by rippled mudstone band represent subaqeous deposits in the immediate transition 
tage to the subaerial deposits shown in rhe middle and right rows (see Appendix 2.3.2 for detail); an incomplete section of a box of continuous core 
which young from bottom left to top right from within a depth interval of about 387-383 m, BH ER l. 
Fig. 3.4.a Facie Fe: disrupted, ma ive bed alternate with laminated horizons; a very common interchannel etting showing laminated, graded beds 
formed in the ponded waters of interchannel areas are disrupted during periods of non-deposition; from the incerval below 596 m, BH Wollongong 13; the 
sample on the right overlies the sample on the left; dry samples. 
Fig. 3.4.b Facies Fe and CFc: a thick deposit of Facies Fe (red ink mark on the 2nd and 4th rows from left) i sandwiched between two horizons of 
Facies CFc - the Unanderra Coal Member of the Pheasants Nest Formation. Depth interval 662-658 m, BH Moonshine 7 A: each row i lm long and 
youngs from bottom left to upper right. 
Fig. 3.5 Facie GSm containing volcanic rock fragmenrs and abundant quartz pebbles from about 279 rn, BH 1attai 1: arrow indicates way-up; wet 
ample. 
14 
Fig. 3.5 
Fig. 3.4-a 
Fig. 3.3 
Fig. 3.6 Facies Gx: cross-bedded granule conglomerate and sandstone; incomplete 
section of continuous cores from the depth range l9.0-l 6.40 m, BH UW l; youngs 
from bouom left to top right. 
Fig. 3.7 .a Facies SFcl and its two varieties: the sample in the left is the finely laminated, 
more carbonaceous type and the sample in the right is the less carbonaceous, diffusely 
laminated and cross-laminated variety; from depth interval 621.35-620.70 m, BH 
· Moonshine 7 A. 
Fig. 3.7.b Diffusely cross-laminated variety of SFcl showing the slabbed core view; 
from 298.5-297 m, BH Huntley 7; wee sample. 
Fig. 3.8.a Subfacies Smbt and Facies SFcl. Note preserved carbonaceous laminae of 
Facies SFcl in the right row with Scoye11ia ichnofacies (elliptical traces in lower part of 
the right sample). Bioturbation rendered this massive (Subfacies Smbt) as shown by the 
core sample in the left row. BH Wollongong 13; incomplete section of continuous cores 
from the depth range 634-633 m; youngs from bottom left to top right. 
Fig. 3.8.b Subfacies Smbt: a c lassic example of Smbt with Scoyenia ichnofacies 
commonly developed in the floodplains or fan surfaces; the 22 cm long sample is from 
below the depth mark 323 m, BH ER I; picture taken in filtered light. 
Fig. 3.9 Subfacies Fcl: very thin and thin laminae and low-angle micro-cross-laminae 
sets. This is a typical example of the majority of the Fcl occurrences representing 
floodbasin lake conditions formed from suspension and weak current and wave activities; 
from just below 591 m depth mark, BH Wollongong 13. Wet sample. 
Fig. 3. 10 racies Ssma: an apparently massive sandstone sample shows diffuse strata 
and subtle grain-size segregation when slabbed and wetted; depth about 690 m, BH 
Wollongong 35. 
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Fig. 3.6 
Fig. 3.8-a Fig. 3.8-b 
Fig. 3.9 Fig. 3.10 
Fig. 3.1 J Facies SGds: clo e-up of the stratification pattern - thickening and thinning of low-angle traca; edge of lens cap at the lower left comer for 
scale; from depth range 273-271 m, BH ER 8. 
Fig. 3.12.a Root trace in Subfacies Smr; from depth interval 383-38lm, BH ER lOR: a portion of a cap for scale. BH ER IOR 
Fig. 3.12.b Subfacies Smr and it relations with Facies SFcJ and Ssma: common interchannel proces es are indicated. The lerter marked on the core 
amples from left to right: a = Subfacies smr; b = Facies SFcl; c = Facies SFcl; a = Facies Ssma; d = Facies SFd. The rooted sandy horizons (Smr) 
originaled from the di ruption of lhe sandy interchannel splays of Facies SFcl or Ssma through vegetation growth. An incomplete seccion from a box 
(612-608 m) of continuou core which youngs from bottom left to cop right; BH Wollongong 13. 
Fig. 3.13 Facie St: trough cros -stratified sandstone; 36.75-36.60 m, BH UW l. 
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Fig. 3.14 Characteristics of Facie Smbr (biologically modified wa hover fan and dunes), Sia (fresh occurrence of washover fan) and Scdr (lagoonal 
mar h) and their mutual relations (sketch given below). Note the ubplanar and inclined contacts within Facies Smbr, interpreted a subhorizontal 
stratification of washover fans, and carbonaceous tracings of variety of shapes, interpreted as root traces and burrows. Facie Sia lies above Smbr with a 
sharp conEact and grades upward into Facies Scdr with a conspicuous root trace in lhe upper transitionaJ zone. Facie Smbr-Sla assemblage indicates the 
transgressive washover fan-dunes complex at the beginning of the Erins Vale Formation and Facies Scdr indicate the subsequent regressive phase; 606-
598 m. BH Moon hine 7 A; youngs from bottom left to upper right; each row is l m long. 
Fig. 3.15 Close-up of Facies Slax showing nearly parallel, even laminae with low-angle of dip. Depending on the mode of occurrence, facies 
association and internal attributes, Facies Slax is interpreted as either washover fan or beach stratification in a transgre sive sequence or SCS in a 
regre sive equence; 601.7-600 m, BH Moon hine 7A. 
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Fig. 3.14 Fig. 3.15 
Fig. 4.1 A complete profile of the boundary 
interval berween the Erins Vale and WiJton 
Formatjons (sketch below). Facies Scdr and 
coarse-grained channel sands at the contact 
between two formations and Subfacies Fd 
typical of the lower Wilton Formation are 
shown. B H Moonshine 7 A, cominous cores 
580-572 m. Each row is I m long. 
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Fig. 4.3 Subfacies Fdmb. The upper 
sample shows Zoophycosis ichnofacies 
with the pen nib pointing at it (depth 
l099 m). The lower sample shows a 
glendonite crystal (depth 1100 m); 
BH Bootleg 8. 
Note: For facies codes in Figs. 
4. l & 4.2 see backpocket: 
PNF-Pheasants Nest Fm: 
EVF-Erins Vale Fm; 
WF-Wilton Fm. 
Bas e1116m 11t st Pheasants Ne & Erins Vale FM boundary 
Fig. 4.3 
Fig. 4.2 
Fig. 4.1 
Fig. 4.4 Features of massive deposits of multiple event hyperconcentrated flood flows 
and development of secondary fan deposits as detailed in Appendix 2.3.2. Mass ive 
sandstone beds contain sporadically occurring thin mudstone layers associated with 
subplanar internal contacts, diffuse laminae in places, mudstone clasts, root traces and 
Scoyenia ichnofacies; photomosaic of a box of continuous core which youngs from 
bottom left to top right ; depth interval 332-326 m; BH ER I. 
Fig. 4.5 The contact between the Mim~amurra Latite and overlying sediments. The 
subaerially weathered and fractured upper part of the Jatite is topped by a 3 cm thick 
veneer of rounded granules. This is buried under an apparent soil zone (Subfacies Smr). 
The fracture is interpreted to have been caused by frost-heaving. Note the dislodged 
fragments (in-situ) within the fracture. Some of these fractures might have been 
penetrated by roots. Wet samples of a segment of continuous core from around the depth 
mark 40 l m; youngs from lower left to upper right. ER 1 OR 
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Fig. 4.5 
Fig. 4.4 
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Fig. 5.1 Interpretative line drawing from a photomosaic of the lateral profile of the INVES hill-top quarry face oriented 
at 260°. Western end of Slice# 1 joins with eastern end of Slice# 2. Rock blasting has obscured most of the sedimentary" 
structures. Thus, details of the constituent features of the Facies Association SSCS have been inferred from patchy 
exposures occurring along other sides of this hill-top quarry face. The staff is 1.5 m long with major divisions being 20 
cm. 
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sscs 
Fig. 5.2 
Fig. 5.3 
Pillow lavas showing localized quench fragmentation at the margin of some pillows and broken fragments in inter-pillow spaces. 
Facies Lh showing hyaloclastite. 
(a): Bedding plane view of hyaloclastite facies showing jig saw fit of breccias. 
(b): Cross-sectional view of hyaloclastite showing a crude jig saw fit. 
Fig. 5.4 Attributes of Facies Dpm. Rever ely graded, rounded and poorly sorted framework grains (mostly basaltic rock fragments): a fossil wood 
fragment i seen in the upper middle part: 2 large latite boulders it on top of this Dpm layer. Note upper contact with SCS is planar and sharp. Each 
division on the marker is 5 cm. 
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Fig 5.2 
Fig.5.3-a 
Fig. 5.3-b Fig. 5.4 
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Fig. 5-5 A conceprual model depicting the equential developmenc of the INVES facies associations re ulting in the progre ive hallowing up of the 
depositional slope (stages 'A' through 'D')_ Most of the thin, unconsolidated sediment cover in (A) OYerlying the pre-exi ting lava (Facies Ls) were 
incorporated into the adYancing lava flow, thus. producing Facies Lh and Subfacies Lsp (Stage B). On top of this, Facies A sociation SDF (Stage C), 
ucceeded by Facies Association SCSSA (Stage 0 ) were deposited. In stage D, note a megaclast (more lx l m) has depressed Facies Dpm upon coming to 
rest on top of it The thicknesses of the facies and facies associations in this model are proportional to the observed thicknesses. 
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Fig. 5.6 Con tituent facie of SCSSA Facies Association. They generally occur from near the base of the sequence coward the top in the order listed 
with these exceptions - (a), (b) and (f). (g), (h) occur at about the same level in the lower and higher part. of the . equence respectively. 
Fig. 5.6-a Symmetrical wave ripple contajning fine to coarse sand- ized feldspar grains are enclosed in very fine-grained and and iJt. Feldspar grain 
al o form laminae: pen i on a ripple. 
Fig. 5.6-b SCS laminae abut again ta very large latite boulder. Ripples panly drape two succeeding wale - the lower ripple is muddy and di rupted 
and the upper one i andy. Line drawing is given a a guide. 
Fig. 5.6-c Hummocks and wale in a larite boulder-dominated horizon. Line drawing is given as a guide - not all . trata are drawn. 
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Fig. 5.6-c 
Fig. 5.6-d Amalgamated SCS bed marked by welded (W) contacts and sparse, weakly developed flaser bedding (F) on top of a SCS et (the lowem10 t 
one). Also note rip-up mud cla ts (Re) ac the ba e of a succeeding set (refer to line drawing). 
Fig. 5.6-e A non-graded harp-ba ed conglomerate (C) is overlain by SCS, which, in turn, is overlain by coarse-grained wave ripple (R). Al o. note 
tlaser bedding (F) near the ba e. Burrows or oft sedimenc deformation structure are shown. 
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Fig. 5.6-d 
Fig. 5.6-e 
Fig. 5.6-f Angle of repose cross-beds in a ociation with SCS. Small division in the staff is 5 cm. 
Fig. 5.6-g Wave ripple lamination is sharply uuncated by a storm event marked by very coar e-grained and- and granule- ized volcanic clast lying ju l 
abo\·e rhe ero ional base upon which ill-defined SCS or low-angle cro - tratification is laid down. 
Fig. 5.7 Brachiopod with articulated shells in association with a bioclastic gravel lag near the sharp base of a sandstone bed from ILRL Y2 outcrop. 
Fig. 5.8 SCSSA Facie A ociarion occurring above the Dapto Latite Member from SFWY I outcrop. Note the typical character of the SCS . tram 
draping 1he wale boundary and becoming progres ively flatter upward. 
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Fig. 6.1 : Vertical facies profile of UNRL Y 1 location. For facies codes, see text. 
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Enclosed in backpocket 
Fig. 6.~-a, -b and -c Interp~etative line drawing from a photomosaic of the 
lateral profile of UNRL Yl Segmentl. 
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Fig. 6.2-d A part of the photomosaic of UNRLYl-Segmentl illustrates a portion of the macroform complex containing Facies Sta, Element SF and 
3rd, 4th(a) and 4th(e) order bounding surfaces, etc. (see the line drawing given in Figs 6.2-b and 6.2-c as a guide). 
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Fig. 6.2-d 
Enclosed in backpocket 
Fig.6.3 Interpretative line drawing from a photomosaic of the lateral 
profile of UNRL Yl Segment3. 
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Fig. 6.4. Sketch of UNRLY2 lateral profile. Five-times vertical exaggeration. Straight line arrows in bold face indicate directional readings 
oriented with respect to the outcrop face trending 090° to the right. For the convenience of reference, the profile is divided into four segments 
by the storm-water drains on the outcrop face. 
Fig. 6.5 Facies Fb (from segment 3, Figure 6.4) from UNRL Y2 location: laminated carbonaceous mudstone at the lower part grades upward into hard, 
thicker, non-carbonaceous mudstone beds. The subplanar, intercalated wedges of strata are formed by mud filling the intertonguing, broad and shallow 
troughs. Note Facies Fb's upper contact with the volcanic facies showing sheared mud laminae (lens cap) and the lower sharp contact with Facies Sx. The 
major and minor divisions of the staff are 20 cm and 5 cm, respectively. 
Fig. 6.6 Facies GSpa from UNRL Y2 location. 
Fig. 6.6-a A section of the sandy granule-pebble conglomerate lithosome (from segment 4, Figure 6.4) showing diffusely planar cross-laminated horizon 
with hammer pointing at it. _ 
Fig. 6.6-b The sole of a slumped bed from the conglomeratic lithosome mentioned in Figure 6.6-a. Note abundant rounded, vesicular latite clasts. The 
diffuse lineation mark the successive cross-strata position on the bedding plane of the bottom contact (bottom set). Scale divisions: 3 cm each. 
Fig. 6.7 Facies Sx (from segment 1, Figure 6.4, UNRL Y2 location). The staff is 1.5 m with major divisions of 20 cm. 
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Fig. 6.5 Fig. 6.6-a 
Fig. 6.6-b Fig. 6.7 
Fig. 6.8 Attributes ofFacies Volcanic Flow from UNRL Y2 location. 
Fig. 6.8-a Vertical section of the volcanics facies (from segment 3, Figure 6.4). For aid 
in recognition, outline of important features are traced on the photo. A completely 
preserved pahoehoe toe with smooth, pillowy outline rests on the lower mud and 
indicates a generally westerly palaeolava flow. The remnants of bounding surfaces of 
some of the surrounding lobes indicate overlapping flow units. The staffs upper and 
lower ends rest at the contacts of the volcanics with the upper and lower mudstone bands 
(Facies Fb), respectively. The sheared and brecciated mudstone layers at the lower 
contact are generally continuous along the length of the volcanics. The staff is 1.5 m long 
with the major divisions being 20 cm. 
Fig. 6.8-b Weathered ropy pahoehoe surface (from hill-top of segment 2, Figure 6.4). 
Photo taken looking to the east. Weathering, lichen growth and series of joints (with 
brecciated fragments) transverse to the 'ropes' obscured the original outline of the 
'ropes', some of which have been traced on the photo. A generally westerly palaeolava 
flow is indicated by the apparent convex-trains of pahoehoe ropes (Cas and Wright, 
1987, p. 67). 
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Fig. 6.8-a 
Fig. 6.8-b 
Fig. 6.8-c Silhouette of an apparent caterpillar-type outline of lava flows in a weathered verticaJ section (east to the right). For aid in recognition. it is 
traced on the photo. Palaeolava flow was to the west. Brecciated lava fragments are also seen. Hammer in the middle for scale. 
Fig. 6.8-d Features at lava-sediment interface at the lower contact (from segment 3, Figure 6.4): vesicles in the lavas and some appear to be elongated in 
the direction of the flow near the flow-margin. These vesicle-rich areas are marked by the letter 'V'. The boundary ("b") between the lava flows and the 
lower mudstone is ruptured showing that lavas collapsed into the underlying mudstone producing a localized pocket (marked "c") of slumped segments of 
mud layers and lumps of lavas. Note the downward warping of the mud strata under the point of rupture of the contact. Sheared mudstone laminae are 
also shown (marked 's'). Scale division is 5 cm. 
Fig. 6.9: Follo\vs this plate. 
Fig. 6.10 Facies SFcl from ln\'RL Y2 location. Scale in cm. 
6.11 Close up of Facies Fe showing abundant carbonaceous materials in mudstone from UNRL Y2 location. Carbonaceous particulates and leaves 
(including Glossopteris) form partings. laminae and irregular pockets in many places. Scale division: 3 cm each. 
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Fig. 6.9 Vertical facies transtions from conglomerate to fine-grained rocks beyond the western margin 
of the lateral profile given in Figure 6.4. See text for facies abbreviations. 
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Enclosed in backpocket 
Fig.6.12-a, -b and -c Interpretative line drawing from a photomosaic of the 
lateral profile of the UNRL Y 4 location. 
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Fig. 6.13 Generalized vertical profile of UNRL Y 4. For facies abbreviations, see text; 
for abbreviations of depositional forms, see the caption of lateral profile (Fig. 6.12). 
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Fig. 6.14 Characteristic features of Facies Fbr and Element Palaeosol Horizon (PH) from UNRL Y 4 location: more ferruginized (weathered) upper band 
(Fbr-1) than the lower one (Fbr-11); partial view of intertonguing broad, shallow troughs producing intercalated wedges of subplanar strata; fissile, 
ferruginized carbonaceous mudstone in the topmost layer; broadly scoured upper contact with gravel lags lying on it (the middle portion of the upper edge 
of the photo) - a 5th order contact. Scale: each division is 5 cm. 
Fig. 6.15 A silicified tree in growth position from the southern outcrop and is similar to the one shown on the lateral profile of the northern outcrop at 
UNRL Y 4 location (Fig. 6.12-c ). The staff leans against the 1 m tall preserved trunk with a width of about 40-60 cm. Note the ferruginized and developed 
palaeosol (Fbr-1) horizon under this tree. Scale: Large and small divisions in the 1.5 m long staff are 20 cm and 5 cm, respectively. 
Fig. 6.16 Facies Slaf forms the extensive interchannel sheetflood deposits in the lower portion of the outcrop. It is overlain by the Palaeosol Horizon 
(Element PH), which, in tum, is scoured by Element SF-2. See Fig. 6.12-b (enclosed in the backpocket) for a line drawing illustration of this portion of 
the outcrop. 
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Fig.6.17 Interpretative line drawing from a photomosaic of a 40 m long lateral profile from the eastern part of UNRLY5 location. 
For the concenience of reference, it is divided into three segments . For facies abbreviations and bounding surface hierarchies, see text. 
SF: Scour-Fill; SB: Sandy Bedform 
Fig. 6.18 Facies GSpa from segment 2 at UNRL Y5 location. Diffuse planar cross-
strata of granule-pebble conglomerate become sandier in the upflow direction to the left 
(east). For scale: the width of the photo is 1.25 m. 
Fig. 6.19 Facies DSmd of the Scour-fill Element with its upper 4th-a contact and the 
overlying Facies Fb (from segment 3 of Fig. 6.17, UNRL Y5 location). Large and small 
divisions of the staff are 20 cm and 5 cm, respectively. 
Fig. 6.20 Discontinuous and diffuse low-angle cross-laminae of Facies Smdl (from 
segment 3 of Fig. 6.17, UNRL Y5 location). Divisions of the staff are 5 cm. 
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Fig. 6.22 Facies Fcf from UNRL Y7 location. Laterally persistent, laminated 
carbonaceous mudstone and siltstone layers are intercalated with minor sandstone layers. 
The staff is 1.5 long with major and minor divisions of 20 cm and 5 cm respectively. 
Fig. 6.23 The outcrop pattern typical of thinly bedded and laminated fine-grained 
sandstone from COR2 location. The staff is 1.5 m long with major and minor divisions 
of 20 cm and 5 cm respectively. 
Fig. 6.24 Trough cross-stratified sandstone and the causative bedforms of low height 
three-dimensional ripples on the bedding planes indicating relatively shallow water(?) 
conditions in the lower flow regime (BEL location). Note the partial view of internal 
trough filling strata under the bedding plane forming the second terrace from the top in the 
middle left section. The palaeoflow was from the lower left to the upper right. Picture 
taken facing north. The staff is 1.5 m long with major and minor divisions of 20 cm and 
5 cm, respectively. 
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Fig. 6.22 
Fig. 6.23 
' 
Fig. 6.24 
Fig. 7.1 Graded beds interpreted as storm deposits on the lower shoreface . The base 
of the pen rests on the scoured base of the lower graded unit. Sporadic burrows are 
present. 
Fig. 7 .2 Morphology of the trace fossil interpreted as Monocrarerion. 
Fig. 7 .2-a Vertical section and some three-dimensional views of the trace fossils: the 
long, thin vertical extension of the tube out of the tapering lower end of th1e funnel is 
readily broken off from outcrop faces and thus, is less likely to be preserved in these 
three-dimensional exposures. 
Fig. 7.2-b Bedding plane view of the upper portion of the funnels. 
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Fig. 7.1 
Fig. 7.2-a 
Fig. 7.2-b 
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Fig. 7.3 Oiagran1matic sketch of Rossel ia, Cy! indrichn us and Monocrn terion 
(after Lindholm, 1987, figs 4.34, 4.23 and 4.27, respectively). 
Fig. 7.4 The cliff face at WAN location showing the laterally persistent subhorizontal 
beds, including the dark coloured mudstone beds. The cliff is about 6 m tall. 
Fig. 7.5 The bedding plane view of lag conglomerate of assorted materials interpreted 
as storm deposits. The pen points at a broken bivalve shell. 
Fig. 7.6 The bedding plane view of the strongly undulatory, sharp, erosive junction 
between the Erins Yale and Wilton Formations at THIR location interpreted as fluvial 
scours of the underlying shore face deposits of SCS beds (sec Figure 7 .13 for a vertical 
sectional view of this contact from another similar outcrop). Trough cross-bedded 
sandstone rests on this surface as seen in the background. A backpack for scale. 
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Fig. 7.4 
Fig. 7.5 
Fig. 7.6 
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Fig. 7.7 A ketch of the lateral profile of the STUR locacion drawn before its current weathered condition 
(modified after Hutcon and Jones, 1984, fig. 13). 
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Fig. 7.8 Composite vertical facies log of the upper Erins Yale Formation; see text for 
facies codes. 
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Fig. 7.9 The sharp contact between the bioturbated mudstone and SCS beds from the upper Erins Vale Formation exposed at THIR location. The 
hammer on the contact is for cale. The hematite-goethite tained sandstone bed with surficial patches of kaolin has a low-degree of bioturbation and i 
deformed by weathering. 
Fig. 7. I 0 The UNRL Y8 ,·ertical profile. The bioturbated mudstone form.ing the basal part (indistinct in the foreground) is overJain by unbioturbated 
SCS bed . The staff re ts on the harp. coured upper contact of the SCS beds, i.e. the junction between the Erins Vale and Wilton Formation . The 
carbonaceous sandstone (plastered with cement) of the basal Wilton Formation is overlain by the Woonona Coal Member indicated by the tree line 
(approximately the upper end of the staff). The staff is l.5 m long with major divisions being 20 cm. 
Fig. 7. I I Rounded pebble in the bioturbated iltstone below the SCS sands from UNRL Y8 location (marked by pen and pencil). 
Fig. 7.12 The sharp, ero ive lower contact of the unbioturbated SCS beds of the Erins Vale Formation with the dark coloured bioturbated mudstone 
(marked by pen). The note book is on the scoured upper contact with the basal Wilton Formation (plastered here). The major and minor divisions of the 
staff are 20 and 5 cm, respectively. 
Fig. 7 .13 A egment of the ve1tical ection of the upper Erins Vale and lower Wilton Formations. The strongly undulatory junction and scours filJed 
with flar bedded and laminated carbonaceous sediments may be noted. The flat and continuou strata blanket the depositional surface and become 
increasingly more carbonaceous and finer-gra ined upward. The major and minor divisions of the 1.5 m long staff are 20 and 5 cm, respectively. 
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Fig. 7.11 
Fig. 7.9 
Fig. 7.10 
Fig. 7.13 
Fig. 7.12 
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Figs 8.1 and 8.2 South-north and west-east drillcore transects, respectively, 
across the study area. The cross-section lines on the location map is given 
in Figure 1.6. 
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Fig. 8.8 Block diagram illustrating evolution of the macroform in UNRLYl location. 
(a) Initial stage of macroform evolution: a channel is floored with fields of migrating 
3-d megaripples. An incipient macroform was developed from coalescing of 
megaripples. 
(b) Final stage of macroform evolution: development of a macroform through 
southwesterly migration of 3-d megaripples over and oblique to the southeasterly 
dipping accretionaly surfaces. Frequently, small channels dissected it through 
episodic events and were, in turn, quickly filled up. 
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Fig. 8.9 Schematic palaegeographic reconstruction of alluvial subenvironments 
represented by UNRL Y 1 location. 
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Fig. 8.10 Retroarc/forearc basin model of Miall (1982, fig. 31, model no. 7). 
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57 
120ocoo111H 
LS.6. 
c 
... 
· .... · 
. ·: 
:: :;;.· ......... ..·: .. 
..... ·.~ · ..·.· 
. .. 
34"00' 
34~0· 
r 
5 ~ 
limit of Illawarra 
10 km 
. :··.:· ··.·.······· . .: 
-:: ... ···:: ::: .·· :~~ ...... 
. . ::.·.=· ..•. 
=. ... .... :: ..: 
. · • ·: • : ! •• ;.: 
;-·· . :=·:· . ~_. ... ::::Coal Measures 
.. .... ...-.~;~·:)···· ..... 
1115 DOOmH ·::· .... . 
·:: .... : 
·.::.·· 
150•30· 
Harrangaroo Conglomerate ~ -4 metres fEj-4metres 
Basal sandstone of the Wilton Formation c:J <JJartz-lithic 
[illill] volcanolithic 
f/t. zone of mixing 
58 
Fig. 8.12 Isolith map for the Marangaroo Conglomerate and the basal 
Wilton Formation. Contour interval is 2 m. Dashed lines are inferred 
contours (after Bamberry, 1991, fig. 12). 
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Fig. 8.13 The tectonic setting of the Late Permian southern Sydney Basin 
(modified after Jones at al., 1984). The Currarong Orogen and the Newcastle 
Sub-basin were important tectonic elements influencing the deposition of the 
Late Permian sequences as proposed in this study (see text). 
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Fig. 8.15 The polar migration path during the Permian (from Eyles et al., 
1997). 
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Fig. 8.16 The regional distribution of permafrost in the cold climate areas of northern Ontario (after Martini et at., 1993). 
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APPENDIXl 
ABSTRACT OF BORECORE FACIES DESCRIPTION AND 
INTERPRETATION 
APPENDIX 1.1: 
ABSTRACT OF BORECORE FACIES DESCRIPTION AND 
INTERPRETATION OF THE BROUGHTON FORMATION AND PART OF 
THE UPPER BERRY SILTSTONE 
Fades Slax - Low-Angle Cross-Stratified Sandstone: swaley cross-stratified(?) 
storm deposits on the shoreface; a single example is furnished from 
near the base of BH Wollongong 35 sequences (Appendix 2.2.5). 
Fades Sma - Massive-Appearing Sandstone: product of intense storms in a 
range of depositional gradient from lower shoreface or its deltaic 
equivalent to shoreline zones including washover fans; subaqueous 
channel (tidal or distributary) or initial crevasse lobe deposits in 
interdistributary bays. 
Fades Smb - Bioturbated Massive Sandstone, Minor Conglomerate, 
Siltstone and Mudstone: a wide range of depositional gradient from 
offshore to marginal marine environments is interpreted for Smb 
depending on facies association (see at the end of Appendix 1.1). 
Subfades Fdmb - Dark Coloured, Bioturbated and Massive Fine-Grained 
Rocks with Zoophycos ichnofacies: quiet, very low-energy and 
oxy~en-deficient environments below storm wave base in the 
offshore region or in prodelta setting. 
Subfades Gmb - Bioturbated, Massive Conglomerate: the interpretation is as 
for Facies Smb and depends on position in the facies successions. 
Composite Fades SDLMB - Diffusely Laminated, Massive and Bioturbated 
Sandstone Assemblage including Fades Sdl (Diffusely Laminated 
Sandstone), Facies Smb and in some cases, Facies Sma: Sdl produced 
by oscillatory dominant combined flow with a weak unidirectional 
current component - flow strength weaker than HCS; SDLMB 
indicates a relatively quiet environment of slow sedimentation 
above storm wave base offshore areas, and less likely on a lower 
shoreface that were occasionally punctuated by distal storm flows. 
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Composite Fades SFLGB - Laminated, Graded and Bioturbated Sandstone 
and Finer Grained Rocks including Fades SFlg - Laminated and 
Graded Sandstone and Finer-Grained Rocks containing moderately 
burrowed and disrupted planar laminae, sporadic Haser laminae, 
micro-cross-laminae, rare flame structures, internal grading of some 
relatively thicker planar laminae and domichnia of suspension 
feeders like 0 phi om or p ha, Cylindric h us and retrusi ve 
Diplocraterion: interpreted as 1) storm layers (not favoured); (2) 
interdistributary bay I flood basin; or (3) tidal flat (favoured); 
interbedded sharp-based, at times fining upward Fades Smb and Sma 
suggest tidal/ distributary channels. 
Composite Fades SGG - Graded Sandstone, Subordinate Conglomerate and 
Minor Mudstone Assemblage: various interpretations for SGG are: 
(1) middle to upper shoreface/foreshore storm layers; (2) delta front 
sands; (3) washover fans; ( 4) crevasse splay in interdistributary bays; 
and (5) fluvial-influenced tidal channel-fill. SGG- II represents more 
energetic and proximal tidal I shoreline fades than SGG-I; 
interbedded Facies Smb and Sma suggest tidal or distributary 
channels. 
Composite Fades SHCS - Hummocky Cross-Stratified Sandstone 
Assemblage: above storm wave base offshore areas, and less likely on 
a lower shoreface; deposition from offshore directed, storm-generated 
combined flows. 
Composite Fades SXB - Cross-bedded and Bioturbated Sandstone 
Assemblage including Fades Sx - Cross-stratified Sandstone: type of 
cross-beds unknown; dunes/shoreface bars on bioturbated shoreface; 
rarely channel sandstones (depth interval 6 of BH Wollongong 35). 
Composite Fades SXLGB - Cross-Laminated, Graded and Bioturbated 
Sandstone Assemblage including Fades Sxl - Cross-Laminated 
Sandstone: (1) "annual storm" layers on shoreface; or (2) crevasse 
splay in interdistributary bays (less favoured); or (3) fluvial-
influenced tidal channel-fill (favoured); occurs only in BH UWl. 
Fades Association: Interpretation of Palaeoenvironmental Gradient 
(Ref. Section 2.13) 
1. vertical facies relations suggest that the very thick Smb deposits, 
ranging in thickness from <1-15 min the upper parts of many borehole 
sequences indicate transgressive and/ or subsiding phases in 
undifferentiated upper shoreface (sheltered), lagoons (Boreholes 
Moonshine 7 A, Wollongong 35, UWl, Bootleg 8), interdistributary bays 
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or abandoned distributary channel-fills (Wollongong 13). In some 
cases, these Smo units are carbonaceous. 
2. Fades Smb interbedded with various composite facies having graded 
and structured (SGG, SFLGB, SXB, SXLGB and Fades Sma occurring in 
the middle and upper parts of the Broughton Formation sequence 
occasionally contain Skolithos ichnofacies: middle to upper shoreface 
or their deltaic equivalents and marginal marine environments. 
The above composite facies, where interpreted as shoreline 
environments, probably indicate that associated Smb units are tidal 
channel-fills, lagoonal sediments (Wollongong 13) or distributary 
channel-fills/ splays. 
3. The thick occurrences of Fades Smb interbedded with Composite Facies 
SHCS, SDLMB and less commonly, Facies Sma occurring in the middle 
and lower middle parts of the Broughton Formation sequences: mainly 
above storm wave base offshore and probably lower shoreface and their 
deltaic equivalents. 
The Smb units associated with the above composite facies indicate 
direct storm emplacement. For instance, associated interbedded facies 
of bioturbated massive lithologies are widely recognized to be a very 
characteristic HCS association in the offshore areas 
4. The thick deposits of Fades Smb with or without internally size-graded 
thin interbeds (BH Wollongong 35, Appendix 2.2.5) occurring 
independently in the lower parts of most boreholes with Cruziana and 
possible Zoophycos ichnofacies: possibly lower offshore areas. 
5. Dark coloured fine-grained component of Facies Smb with Zoophycos 
ichnofacies (Subfacies Fdmb ): lower offshore. 
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APPENDIX 1.2 
ABSTRACT OF BORECORE FACIES DESCRIPTION AND 
INTERPRETATION OF THE PHEASANTS NEST AND LOWER WILTON 
FORMATIONS AND PART OF THE MARANGAROO CONGLOMERATE 
Fades Ctu -Tuffaceous Claystone: volcanic ash-fall deposits. 
Fades DSmd - Massive to Diffusely Stratified Diamictite and Associated 
Sandstone: waxing and waning stages of multiple-event 
hyperconcentrated flows; occurs in BH ER8 as a Pheasants Nest 
Formation facies and in BH Bootleg 8 as a Marangaroo 
Conglomerate facies. 
Subfacies Smdl - Massive to Diffusely laminated Sandstone: sandy 
hyperconcentrated flood-flows exhibiting poorly defined low-angle 
cross-stratification in volcanic terrains. Whereas Facies DSmd 
represents coarse-grained, proximal hyperconcentrated flood flow 
deposits, Subfacies Smdl indicates a relatively distal, sand-dominated 
flows; occurs in BH ERL 
Fades Fe - Carbonaceous and Minor Non-Carbonaceous Fine-Grained Rocks: 
interchannel areas (floodbasin lakes, abandoned channel depressions 
and floodplains) characterized by variable swampy conditions 
subjected to distal or waning floods and by quiet periods of non-
deposition and soil-forming processes. 
Subfacies CFc - Coal and Associated Carbonaceous Fine-Grained Rocks: 
interchannel peat swamp conditions. 
Fades GSm - Massive Conglomerate and Minor Sandstone: channel lag 
sedimentation and fan deposition. 
Fades Gt - Trough Cross-stratified Conglomerate: three-dimensional 
migrating bedforms (e.g. dunes) constituting channel bars. 
Fades Gx - Cross-stratified Conglomerate: three- or two-dimensional 
bedforms forming in-channel bars. 
Fades SFcl: Laminated and Diffusely Cross-Laminated Carbonaceous 
Sandstone and Fine-Grained Rocks interchannel crevasse/ sheet 
splays including waning flood-flow deposits on fan surfaces; 
frequent discharge fluctuation (low-flow stage) in channels and 
interchannel areas; upper channel-fill; indicates slowly moving flow 
with variable suspension and traction components. 
Subfacies Fcl - Finely Laminated Carbonaceous Fine-Grained Rocks: 
floodbasin lakes that received disseminated carbonaceous materials 
from distal organic-rich splays and were occasionally subjected to 
66 
weak current and wave activities; discharge fluctuation, for instance, 
low-flow stage or post-flood quiet stage 
Fades Ssma - Stratified to Massive Appearing Sandstone: channel sands or 
interchannel sands (levees or more commonly, splay sands and 
flood basins). 
Subfades SGds - Diffusely Stratified and Graded Coarser-Grained Sandstone 
and Conglomerate: braided channel deposition. 
Subfades Smr - Massive Sandstone with Root Traces: rooted interchannel 
splay sands, abandoned channel surfaces and levees; rooted sand-
dominated flood-flows deposits on the fan surfaces 
Subfades Smbt - Massive, Bioturbated (Terrestrial) Sandstone: burrowers-
favoured floodbasin deposits or interchannel soil generally fed by 
sand-dominated flood-flows, the latter also include fan surfaces. 
Fades St -Trough Cross-Stratified Sandstone: three-dimensional migrating 
bedforms like small dunes or large ripples (bars, channel floor 
bedforms etc); also, broadly channelized and interchannel 
sheetfloods. 
Fades Sx - Cross-Stratified Sandstone: two- or three-dimensional migrating 
bedforms (bars, channel floor bedforms etc) and interchannel 
sheetfloods. 
APPENDIX 1.3 
ABSTRACT OF BORECORE FACIES DESCRIPTION AND 
INTERPRETATION OF THE ERINS VALE FORMATION 
Fades Scdr - Disrupted Sandstone, Minor Conglomerate and Carbonaceous 
Zones with Burrows and Root Traces: lagoonal marsh; ref: Section 
3.3; Appendix 2.2.4 (BH Moonshine 7 A) and 2.2.5 (Wollongong 35). 
Fades Slax - Low-Angle Cross-Stratified Sandstone: relatively fresh 
occurrences of subhorizontal stratification of washover fans/beaches 
(backshore/ foreshore) or swaley cross-stratification in transgressive 
or regressive shoreline, respectively; ref: Section 3.3; Appendix 2.2.4 
(BH Moonshine 7 A), 2.2.5 (BH Wollongong 35) and 2.2.7 (Alliance 
Cataract 1). 
Fades Sma - Massive-Appearing Sandstone Fades: interbedded with Smb 
and is interpreted as storm beds on undifferentiated shoreface; ref: 
Appendix 2.2.7 (Alliance Cataract 1). 
Fades Smb - Bioturbated Massive Sandstone, Minor Conglomerate, 
Siltstone and Mudstone: palaeoenvironmental recognition from 
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offshore to marginal marine environment is made on the basis of 
facies relatiffils and internal attributes; (a) interbedded with Sma: 
undifferentiated shoreface (Ref: Appendix 2.2.7 - Alliance Cataract 1); 
and (b) in association with Gmb indicate fan deltas in lagoons (ref: 
Sections 4.2.1 and Appendix 2.2.1 - BH Wollongong 13, and Section 
4.2.8 and Appendix 2.2.8 - BH Bootleg 8). 
Subfacies Gmb - Bioturbated, Massive Conglomerate: in general, the 
interpretation is as for Facies Smb and depends on the position in 
the facies successions; contains Ophiomorpha or Cylindrichnus and 
Glossifungites ichnofacies and coaly lenticles; shoreline and 
marginal marine environments including fan deltaic deposition; ref: 
Sections 4.2.1 and Appendix 2.2.1 (BH Wollongong 13), and Section 
4.2.8 and Appendix 2.2.8 (BH Bootleg 8). 
Subfacies Fdmb - Dark Coloured, Bioturbated and Massive Fine-Grained 
Rocks: contains Zoophycos ichnofacies; below storm-wave-base, 
oxygen-deficient, offshore region; regarded as Kulnura Marine 
Tongue Member of the Erins Vale Formation; interbedded with 
igneous intrusions in BH Alliace Cataract 1; ref: Section 4.2.8 and 
Appendix 2.2.8 (BH Bootleg 8), and Appendix 2.2.7 (BH Alliance 
Cataract 1). 
Fades Smbr - Massive Sandstone with Burrows and Root Traces: 
Biologically modified dunes and washover fans (subaerial and 
subaqueous); in places, interbedded with Scdr; ref: Section 3.3; 
Appendix 2.2.4 (BH Moonshine 7 A) and 2.2.8 (BH Bootleg 8). 
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APPENDIX2 
FACIES ANALYSIS OF BOREHOLE SEQUENCES 
APPENDIX 2.1 INTRODUCTION 
A detailed depth-interval analysis and interpretation of each borehole 
sequence is presented and is built on descriptions and interpretations of 
sedimentary facies contained in Chapters 2 and 3. An abridged description 
and interpretation of all these facies is given in Appendix 1.1. The methods 
for the construction of graphic facies logs accompanying the text of each 
borehole sequences are given in Chapter 1. The logs are inserted following 
the discussion in each section. The leaflets in di ca ting the names of all the 
facies and legends for graphic facies logs are enclosed in the backpocket of 
this thesis volume (Volume 2). The implications of facies successions 
(palaeoenvironmental transitions) are explained in Chapter 8. 
The following boreholes are considered from the northern sector of the 
study area. 
1. BH DM Wollongong 13 
2. BH CPM Nattai 1 
3. BH DM Oakdale 1 
4. BH AGL Moonshine 7 A 
5. BH DM Wollongong 35 
6. BH University of Wollongong 1 (UWl) 
7. BH Alliance Cataract 1 
8. BH AGL Bootleg 8 
The borehole sequences from the southern sector are: 
1. BH Elecom Robertson 8 (ER 8) 
2. BH Elecom Robertson 1 (ER 1) 
3. BH Elecom Robertson 10 Redrill (ER lOR) 
4. BH DM Huntley 7 
5. BH Elecom Huntley 3 (EH 3) 
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It is important to refer back to the methodology and limitation of borecore 
studies in Chapter-1 (Section 1.4) which also include sedimentological 
considerations and premises adopted in this regard. 
APPENDIX 2.2: 
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F ACIES ANALYSIS OF BOREHOLE SEQUENCES FROM THE 
NORTHERN SECTOR 
A.2.2.1: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BB DM 
WOLLONGONG 13 
Figure A.2.1 shows the graphic fades log of this borehole sequence. 
Berry Sil ts tone 
1. Depth interval 698-692 m: 
Below storm wave base, and perhaps oxygen-deficient conditions in the 
offshore areas are indicated by Zoophycos ichnofacies-bearing Subfacies 
Fdmb. The upper 2 mis sandy and transitional to the overlying interval. 
Broughton Formation: 
2. Depth interval 692-661 m: 
Bioturbated massive sandstone of Fades Smb interbedded with 
subordinate low-angle cross-stratified sandstone of uncertain kind 
(Composite Fades SHCS and subordinate SDLMB?) dominate this depth 
range. Also, moderate to high angle cross-stratification (Composite Fades 
SXB?) in the middle part and isolated occurrences of diffuse stratification 
(Fades Sdl?) are likely sedimentary structures. Thus, this depth zone appears 
to be Fades Smb dominated assemblages of Composite Fades SHCS and 
subordinate SDLMB with SXB in the middle. 
In general, above storm wave base, offshore areas and lower shoreface 
are indicated. Aggradation of bioturbated offshore and lower shoreface areas, 
shallowing up and probable emplacement of dunes or bars on the aggraded 
shoreface are inferred for the middle segment of this interval. In this 
respect, it is grossly similar to the BH Moonshine 7 A shoreface sequence 
(depth interval 785-734 m). 
3. Depth interval 661-647 m: 
Interbedded Composite Facies SFLGB, Facies Smb and Sma are shown. 
Dominant SFLGB and Smb in the lower part is replaced by SFLGB and Sma 
in the upper part. 
The evolution from Interval 2 to 3 probably indicates a strong 
regression. 
Whereas the thicker sand bodies (Facies Smb or Sma) represent initial 
crevasse deposits, the graded and laminated finer deposits (SFLGB) indicate 
underflow spreading of the splay over a larger area in the bay. Thus, the 
present interval shows interfingering of the two facies. 
Thin, planar, in places graded laminae of SFLGB formed when 
sediment-charged water enter a standing body of shallow water, such as a 
shallow bay or floodbasin, as a waning turbid underflow which sometimes 
acquires sufficient strength for an underflow current to form ripples and 
flame structures (Sobhan, 1988; see Fig. 2.6.c). Peak stage flow may scour the 
bay bottom and planar laminae are formed from suspension as the flow 
wanes. Tidal activities, enhanced in a semi-enclosed bay, might have been 
instrumental in the sediment dispersal in the bay, further contributing to 
the development of the graded and laminated characteristics of these 
deposits. 
An approximately 20 cm thick layer of distinct, tuffaceous mudstone is 
noted at about 655m. Volcanism is also suggested by the start of a coarse-
grained sequence lying above this layer. 
In brief, subaqueous crevasse splay deposits in interdistributary bays are 
indicated in this interval. Sands deposited in the bay through crevassing 
were bioturbated during intermittent quiet period (Facies Smb ). Upward, 
similar facies with well-sorted sands and apparent lack of burrows (Facies 
Sma) suggest greater energy levels as the bay floor aggraded and some of 
initial crevasse channels became entrenched as distributary channels (partly 
subaqueous?) - the latter is indicated by the overlying unit. However, the 
marginal marine conditions were not completely over until the end of 
Interval 5. 
4. Depth interval 647-643 m: 
Medium to coarse-grained alluvial distributary channel sands 
developed as explained above. This caps a coarsening upward sequence that 
starts at the base of Interval 3. 
5. Depth interval 643-634 m: 
This interval records a decrease in grain size, an increase in burrows 
and a change in burrow types from the underlying interval. Fine- to 
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medium-grained bioturbated sandstone (Smb) is interbedded with minor 
unbioturbated sandStone (Sma). Subordinate siltstone is present and trace 
fossils decrease in abundance upward with their kinds apparently being 
more like continental ichnogenera. This is interpreted as progressive filling-
up of the abandoned distributary channel of interval 4 above. 
Pheasants Nest Formation: 
6. Depth interval 634-625 m: 
Upward-coarsening Ssma <--> subordinate Fe with minor SFcl and 
Smbt (with Scoyenia ichnofacies) in the lower part: the abandoned 
distributary channel surfaces of the underlying interval were now 
progressively coming under the influence of fluvial channel sedimentation; 
also shown are epiblastic volcanic ash fall deposits (see Fig. 3.1). 
7. Depth interval 625-616 m: 
Gx <--> Sx and Ssma with minor SFcl and Fcl: in-channel bar 
formation. 
8. Depth interval 616-608 m: 
Ssma and Smr between 616-612 m: progressive channel-fill and 
vegetation growth on the abandoned channel surfaces; Ssma and Smr <--> 
SFcl from depth below 612 up to 608 m: interchannel splays and intermittent 
vegetation growth (see Fig. 3.12.b). This is a common Pheasants Nest 
Formation sequence showing evolution from channel-fill to cycles of 
interchannel splays and rooted zones. 
9. Depth interval 608-586 m: 
CFc <--> Fe or Fcl: interchannel floodplains, swamps and peat swamps 
occasionally subjected to distal fine-grained splays (see Fig. 3.4.a); represents 
commonly occurring interchannel conditions. 
10. Depth interval 586-562 m: 
SFcl is repeated with Smr, Fe and CFc: the return of sandy splays are 
indicated up to 578 m, which then occurred intermittently between 578 m 
and 562 m allowing soil and swampy conditions to persist. 
11. Depth interval 562-551 m: 
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Predominantly Sx and Ssma grade upward to minor SFcl: channel 
development (in-channel bars); thick Fe deposits on top suggest subsequent 
filling of abandoned channel-depression in interchannel swamp setting. 
Erins Vale Formation: 
12. Depth interval 551-547 m: 
Gmb, Smb and interbedded Sma: fan deltaic deposition in a 
transgressive shoreline situation (see detailed interpretation in Section 
4.2.1). 
Wilton Formation: 
13. Depth interval 547-545 m: 
Gx and Sx: energetic subaerial channelization (channel bars) 
Woonona Coal Member: 
14. Depth interval 545-543 m: 
CFc of the Woonona Coal Member of the Wilton Formation suggests 
interchannel peat swamps conditions. 
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A.2.2.2: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BB CPM 
NATTAI 1 -
Figure A.2.2 shows the graphic facies log of this borehole sequence. 
Berry Siltstone 
1. Depth interval 363-344 m: 
Below storm wave base, offshore setting is indicated by dark coloured 
(medium gray), massive bioturbated carbonaceous sandstone (Subfades 
Fdmb, see Fig. 2.3.d). Being quartz-rich, fine- to medium-grained sandstone, 
Fdmb is atypical in this location. 
Broughton Formation: 
2. Depth interval 344-333 m: 
A change in colour to a light coloured version of Fades Smb (light 
brownish gray) without carbonaceous materials occurs at 344 m. Sporadic 
intraformational clasts of the lower interval are present and indicate 
reworking (see Fig. 2.3.d). This may indicate lack of vegetation source 
materials, change in basinal processes or simply aggradation to above storm 
wave base in the offshore areas or any combinations thereof. The 
implications of this change are further explained in Section 4.2.2. 
3. Depth interval 333-323 m: 
Bioturbated, massive medium- to coarse-grained sandstone of Fades 
Smb (10-35 cm thick) is interbedded with low-angle cross-stratified 
sandstone of uncertain kind, 15-60 cm thick. Composite Fades SHCS could 
be a candidate but HCS is known mainly from finer-grained sands. Well 
sorted, massive appearing sandstone of Facies Sma occurs in the lower 3 m 
which is interpreted as storm layers. 
A medium- to medium-/ coarse-grained coarsening-upward 
aggradational sequence is also noted. Aggradational, storm-influenced, 
bioturbated shoreface with bar sands (middle shoreface?) emplaced on it are 
speculated. This is similar to other borehole sequences (e.g. Moonshine 7 A, 
Wollongong 35, etc.) 
4. Depth interval 323-308 m: 
Bioturbated, massive medium-grained carbonaceous sandstone (Facies 
Smb) with a thin intervening bed of cross-stratified, medium- to coarse-
grained sandstone (Facies Sx) in the middle are noted. A subsiding shoreline 
setting generally sneltered from wave reworking and vegetative source 
areas are possible. This could be a lagoon with a barrier (Interval 3) built out 
farther seaward in a progradational sequence. 
5. Depth interval 308-302 m: 
Graded, bioturbated, in places carbonaceous sand (Facies Smb) is 
overlain by thin, laminated and graded mudstone of Composite Facies 
SFLGB. A tidal flat is suggested. 
Pheasants Nest Formation: 
6. Depth Interval 302-282 m: 
SFcl and subordinate Fe: interchannel splays and associated swamps 
Woonona Coal Member and Wilton Formation: 
7. Above 282 m: 
CFc: peat swamps. At 279 m, a pebbly conglomeratic (with quartzite) 
facies, GSm, marks a channel lag (see Fig. 3.5). 
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A.2.2.3: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BH DM 
OAKDALE 1 
Figure A.2.3 shows the graphic fades log of this borehole sequence. 
Berry Sil ts tone: 
1. Depth interval 635-585 m: 
Subfades Fdmb with Zoophycos ichnofacies (see Fig. 2.3.e) and a few 
2.54-18 cm thick sporadic layers of greenish gray chloritic(?) claystone and 
dark gray mudstone and intraformational clasts: oxygen-deficient lower 
offshore areas are indicated. 
Broughton Formation: 
2. Depth interval 585-555 m: 
Having conspicuously coarsening-upward sand size grade interbeds of 
bioturbated massive sandstone of Fades Smb and subordinate massive 
appearing sandstone of Fades Sma, this interval, which is distinctly coarser 
than Interval 1, is interpreted to represent aggraded undifferentiated 
shoreface above the offshore regime. The lack of an upper offshore 
condition may reflect a regressive sequence. 
3. Depth interval 555-538 m: 
Upward decreasing bioturbation (type unknown) in Fades Smb and 
carbonaceous wisps including likely root traces (Subfacies Smr?) indicate 
this interval to be probable coastal swamps. 
Pheasants Nest Formation: 
4. Depth Interval 538-520 m: 
Thick deposits of SFcl and minor Fe, Ssma or Sx; sporadic Scoyenia and 
coaly partings: dominant interchannel splays, sandy splay-turned soil and 
interchannel fines. 
5. Depth Interval 520-519 m: 
Break in profile. 
Woonona Coal Member of the Wilton Formation: 
6. Depth Interval 519-517: Peat Swamps are evident by Fades CFc. 
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A.2.2.4: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BB AGL 
MOONSHINE iA 
Figure A.2.4 shows the graphic facies log of this borehole sequence. 
Broughton Formation: 
1. Depth interval 799-785 m: 
This depositional location begins with amalgamated massive and 
bioturbated sandstone, marked by a relatively thick Facies Smb and is 
interpreted to be lower offshore areas (below storm wave base). 
2. Depth interval 785-775-761 m: 
This depth range contains evidence for a fluctuating depositional 
gradient between below and above storm wave base offshore (i.e. lower and 
upper offshore, respectively) and probably lower shoreface areas. 
2(a). Depth interval 785-775 m: 
At about 785 m, aggradation elevated the depositional surface to a level 
above storm wave base so that storm waves, occasionally flushing out the 
burrowers, were able to produce thin beds of little or unbioturbated well 
sorted sandstone (Facies Sma) that were interbedded with thicker 
bioturbated sandstone (Facies Smb). A coarsening-upward sequence (785-777 
m) from medium-grained to medium- and coarse-grained sands including 
Facies Sma attests to aggradational sedimentation. From 777 to 775 m, 
storm-generated oscillatory-dominant combined flow with a superimposed 
unidirectional current component produced minor deposits of diffusely 
laminated facies (Sdl) reflecting weak storm waves in distal or deeper 
waters. In general, depth interval 2(a) indicates above storm wave base, 
aggradational sedimentation in offshore and probably lower shoreface areas. 
2(b). Depth interval 775-761 m: 
A relatively thick deposit of Facies Smb (775-761 m) overlying Facies 
Sdl probably suggests a return to lower offshore areas. 
3. Depth interval 761-753 m: 
Renewed aggradation elevated the depositional surface to more 
energetic lower to middle shoreface whereby dunes or shoreface bars were 
emplaced on bioturbated lower(?) shoreface (Composite Facies SXB: see 
Section 2.10 and Fig. 2.9) as they aggraded to the realm of fair-weather wave 
conditions with ripples superimposed on wave/ current modified bar or 
dune surfaces. 
4. Depth interval 753-734 m: 
Medium- to coarse-grained sandstone of amalgamated units of Facies 
Sma probably indicates middle to upper shoreface aggradation (barrier 
sands?). 
5. Depth interval 734-729 m: 
Washover fans(?) and tidal flat: assuming Interval #4 represents 
barrier sands in the middle to upper shoreface, SGG (see Fig. 2.7.a) indicates 
washover fans and tidal channels which interfinger with tidal flats (SFLGB; 
see Fig. 2.6.b) and bioturbated lagoonal sediments (Smb) in the back-barrier 
area. This interpretation serves as a sensible genetic link for 
palaeoenvironmental evolution to the overlying thick lagoonal deposits. 
6. Depth interval 729-714 m: 
The relatively thick deposits of bioturbated massive sandstone in this 
interval (see Fig. 2.3.a) represent a lagoonal or bay condition as a barrier 
system (Intervals 4 and 5) prograded farther seaward. 
7. Depth interval 714-705 m: 
Sharp-based, fining-upward sequences with basal clasts and fewer 
burrows (Facies Sma?) indicate distributary I tidal(?) channelization related 
to the prograding coastal alluvial plain over the lagoonal/bay deposits. 
Pheasants Nest Formation: 
8. Depth interval 705-701 m: 
Upward-fining Ssma cycles: channel and near-channel sands. 
9. Depth interval 701-695 m: 
Cycles of Ssma and SFcl with occasional Fe on top: discharge 
fluctuation in channel and channel-fill cycles. 
10. Depth interval 695-683 m: 
Cycles of Ssma --> SFcl --> CFc with CFC grading back to Ssma: channel-
fill, minor interchannel flood and increasingly peat-swamp conditions 
upward. 
11. Depth interval 683-678 m: 
Thick SFcl sequence: dominant interchannel splay deposits. 
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12. Depth interval 678-668 m: 
Cycles involving SFcl and Fe or CFc with moderate ratio: interchannel 
swamp and floodbasins were periodically flooded with splay deposits. 
13. Depth interval 668-658 m: 
Predominant CFc: a prevailing environment of peat swamp in the 
interchannel areas (see Fig. 3.4.b ). 
14. Depth interval 658-651 m: 
Like No. 11 above. 
15. Depth interval 651-642 m: 
Thick deposits of Ssma with minor SFcl: channel and near-channel 
processes. Channel avulsion or proximal splay over the interchannel splays 
is indicated by the sharp transition from SFcl to Ssma at 651 m. 
16. Depth interval 642-631m: 
SFcl, CFc, Fe and minor Smr: interchannel splays (including rooted 
zones) and peat swamp conditions; similar to No. 12 above. 
Channel fill or progressively proximal to distal splay is indicated by the 
gradational transition from Ssma of the underlying interval to SFcl of the 
present one. 
17. Depth interval 631-608 m: 
Cycles involving Ssma <--> Fc/CFc, SFcl <--> Fc/CFc and minor Ssma --> 
SFcl: common alluvial cycles indicating alternating channel and 
interchannel processes of splays, floodbasin ponds and swamps. 
Erins Vale Formation: 
18. Depth interval 608-602 m: 
Facies Smbr is a shoreline transgressive facies and represents 
biologically (organisms and plants) reworked, subaerially and subaqueously 
deposited components of washover fans (see Fig. 3.14 and Section 3.3.1). 
Upward, Facies Smbr is interbedded with a poorly developed version of 
Facies Scdr having thin carbonaceous zones with carbon-rich partings and 
disseminated carbonaceous materials and root traces (see Fig. 3.14). This 
indicates interfingering of proximal marsh and an assemblage of washover 
fans-subaqueous lagoonal sediments (Reinson, 1992, p. 188). 
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19. Depth interval 602-600 m: 
Facies Slax (see Fig. 3.15) (low-angle cross-stratification/sub-horizontal 
stratification) occurring above Facies Smbr at depth 602 m with a sharp basal 
contact and very few burrows and importantly, with a probable root trace at 
the top (see Fig. 3.14 and Section 3.3.1) attest to washover origin of this facies 
as indicated in depth interval 18 (see Fig. 3.14 and Section 3.3.2). 
20. Depth interval 600-576 m: 
Predominance of Facies Scdr with organic debris, roots, burrows and an 
intervening coal lens suggest that the adjoining land-/bank-attached marsh 
environments encroached upon the lagoon resulting in a shallow water 
lagoonal marsh as indicated by continued presence of burrows (see Fig. 3.14 
and Section 3.3.3). Coarse-grained interbeds probably represent lags of 
washover sheets or tidal channels cut into the lagoon/marsh, most of which 
were subsequently scattered by trace makers and/ or destabilized by roots. 
Since frequency of trace fossils decrease and coarse horizons increase 
upward, a progradational sequence with more continental influence is 
indicated. 
Wilton Formation: 
21. Depth interval 576-570 m: 
Above 576 m, alluvial sands (Ssma) of the Wilton Formation with no 
apparent burrows ended the episode of transitional marine transgressive 
domain brought in by the Erins Vale Formation. A thick deposit from 575.5-
571 m, typical of Subfacies Fcl, constituting the basal division of the Wilton 
Formation, indicates interchannel environments dominated by floodbasin 
lakes (see Fig. 4.1). Above 571 m, increasing influence of splays (SFcl) is 
noted. 
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A.2.2.S: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BR DM 
WOLLONGONG 35 -
Figure A.2.5 shows the graphic facies log of this borehole sequence. 
Broughton Formation: 
1. Depth interval 819-812 m: 
Well sorted, unbioturbated, low-angle cross-stratified sandstone (Facies 
Slax; see Section 2.2 and Fig. 2.1) has fine-grained sand in the lower 5 m 
which coarsens upward into fine- to medium-grained sand and has fossil 
shell fragments. SCS above storm wave base on shoreface is interpreted. 
2. Depth interval 812-808 m: 
Facies Slax from the underlying interval starts to become increasingly 
bioturbated and mottled and is, thus, considered as transitional to the 
thoroughly mottled, massive sandstone in the overlying interval. A period 
of increasingly transgressive phase from shoreface (Interval 1) to above 
storm wave base offshore (Interval 3) conditions is indicated by this interval. 
3. Depth interval 808-769 m: 
Monotonous, highly mottled, fine-grained sandstone with a bioturbate 
texture and suspected Zoophycos ichnofacies cause this interval to be 
interpreted as an offshore area be'iow storm wave base. 
4. Depth interval 769-729 m: 
Same as above, but thin interbeds of fine- and fine- to medium-grained 
sandstone and increase of grain size suggest aggradation and increasing 
influence of storm -wave actions. Thus, above storm wave base, offshore 
areas are inf erred. 
5. Depth interval 729-723 m: 
Composite Facies SHCS and associated Subfacies Gmb (see Fig. 2.3.g) 
bear the first indication of aggradation to above storm wave base conditions 
in an offshore area. 
6. Depth interval 723-712-705 m: 
(a) 723-712 m: 
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Undifferentiated, bioturbated sandy shoreface (Facies Smb) has bars or 
dunes (cross-stratified sandstone of Composite Facies SXB) emplaced on it at 
about its mid level between 718-712 m. This may be part of a shoreface bar. 
(b) 712-705 m: 
A shoreline lagoonal or bay condition behind a progradational barrier 
system (Intervals 4 and 5) is interpreted (see Fig. 2.3.b; similar to equivalent 
depth interval in BH Moonshine 7 A). 
Pheasants Nest Formation: 
7. Depth interval 705-689 m: 
Ssma <--> SFcl -> Fcl: common alluvial cycles (see Section 3.3) -
discharge fluctuation in channels and channel-fill and probable 
interchannel processes. 
8. Depth interval 689-644 m: 
Ssma <--> CFc, Fcl and minor SFcl in moderate ratio: another common 
type of alluvial cycle interpreted as repetitive channel sands and 
interchannel sediment of sandy splays, fine-grained flood deposits in 
floodbasin lakes and swamps with increasingly peat swamp conditions 
upward. 
9. Depth interval 644-594 m: 
Ssma and decreasing volume of CFc and SFcl upward: greater 
dominance of channel or splay sands compared to the underlying interval, 
and upward-decreasing presence of interchannel floodplains and swamps. 
Erins Vale Formation: 
10. Depth interval 594-591 m: 
The structure of the interbedded, well-sorted very fine- and fine-
grained sandstone is unknown or absent: on the basis of an environmental 
correlation with the comparable depth interval of BH Moonshine 7 A (602-
601 m), the Facies Slax is interpreted to be washover fans. 
11. Depth interval 591-562 m: 
Thick deposits of Facies Scdr with sporadic granules throughout; two 6 
and 9 cm thick very coarse sand to granule conglomerate beds at and near 
the top: prolonged marginal marine conditions dominated by lagoonal 
marsh. As alluvial sedimentation progressively encroached upon the 
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lagoonal marsh, a few partially preserved lag deposits (coarse-grained beds) 
start to appear in the upper part of the Scdr sequence probably indicating 
flood events. 
Wilton Formation: 
12. Depth interval 562-533 m: 
Predominant Fcl with minor SFcl of the Wilton Formation: 
floodbasins subjected to distal splays. Thus, this interval signifies a return to 
an alluvial condition. 
Tongara Coal: 
13. Above 533 m: 
Fades CFc: The Tongara Coal indicates peat swamp conditions. 
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A.2.2.6: F ACIES ANALYSIS OF BOREHOLE SEQUENCES IN BH UWl 
Figure A.2.6 shows the graphic facies log of this borehole sequence 
Broughton Formation: 
1. Depth interval 110-107 m: 
Facies Smb's coarsening-upward sequence from fine-grained sand at 
the base to medium- and coarse-grained sands probably suggests 
aggradational lower shoreface conditions before a transgression occurred at 
the base of Interval 2. 
2. Depth interval 107-97 m: 
The decrease in grain-size from depth interval 1 to 2 probably supports 
a transgressive sequence wherein interval 2 represents post-transgressive 
above storm wave base sedimentation in the offshore areas. 
Oscillatory-dominant combined flows of weak storm waves with a 
superimposed unidirectional current component produced diffusely 
laminated facies of Composite Facies SDLMB (fine- to medium-grained 
sandstone) in the distal or deeper waters (see Fig. 2.4). Composite Facies 
SHCS is also present, especially in the upper part of this interval. Thus, 
storm waves appear to be increasingly effective upward. 
3. Depth interval 97-92 m: 
This zone is an assemblage of Composite Facies SXLGB, SGG and Smb 
in which SXLGB has the key interpretive value. Description and 
interpretation of SXLGB are given in Section 2.11. 
There are alternative interpretations for this zone as explained below: 
(a) Tidal channel-fill/ flat: 
Amalgamated cross-laminated intervals (Fades Sxl) with probable 
reactivation surfaces and domichnia and fugichnia of SXLGB (see Fig. 
2.10.b), the graded elements of SGG and SXLGB (see Fig. 2.10.a), and Smb all 
can be formed by tidal flows reworking river flood-derived sediments (see 
Sections 2.8.3 and 2.11.4). The fining-upward cycles as shown by the above 
facies in the present interval are common in tidal settings where the 
· channel-fills have a much greater chance of preservation and the overlying 
tidal flat may occur only as a thin veneer (Weimer et al., 1982). 
(b) Delta front: 
Massive and graded beds of SGG-1, ripples (cross-laminated sand of 
Fades Sxl of SXLGB?) and interbedded bioturbated mudstone indicate 
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fluvial processes and its discharge variation in the distributary mouth bars 
of delta front sands (Bhattacharya and Walker, 1992, p. 161). However, 
absence of prodelta fine sediments in the delta front produced by the said 
variations in fluvial discharge do not favour a typical delta sequence. 
However, it is possible that occasional storm waves were influential in 
the delta front areas as envisaged in the following interpretation which is 
more applicable to non-deltaic or interdeltaic prograding shoreface 
conditions. 
(c) "Annual storms" on middle shoreface: 
Graded beds of SXLGB, SGG and Smb indicate deceleration of storm 
flows with cross-laminated upper component (Facies Sxl) of SXLGB being 
formed by wave ripples at waning stage of storm flows. SXLGB suggests 
small-scale storms, called "annual storms", on the middle shoreface (see 
Section 2.11). 
If the tidal flat interpretation is accepted out of the three alternative 
interpretations mentioned above, it would represent a rapid change of facies 
from upper offshore to shoreline conditions. A strong regression or a barrier 
migration and aggradation built up seaward of the locality could cause this 
facies change. 
4. Depth interval 92-88 m: 
The following three interpretations for Facies Smb are presented that 
relate to the 3 interpretations above (a, b and c), respectively. 
(a) shoreline with a tidal flat and associated lagoon. See interpretation of 
similar interval of BH Moonshine 7 A between 729-714 m. 
(b) interdistributary bays accommodating thick Smb. 
(c) Subsiding and/ or transgressive shoreface. 
5. Depth interval: about 40 cm thick horizon of Composite Facies SGG 
between 88-87 m 
Interpreted as foreshore storm layers, or subaqueous channels -
proximal tidal channels. 
Coarse-grained ripples (CCR), fining-upward beds, comparatively fewer 
burrows, better sorting, flaser laminae, etc., of SGG-II indicate high energy 
conditions not seen in SGG-I. Thus, it is conceivable that SGG-II represents 
episodic sedimentation - perhaps tidal sedimentation on the foreshore that 
was greatly magnified by storm surges lashing a coastline (see Fig. 2.7.b and 
Sections 2.8.3 and 2.8.4). 
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Pheasants Nest Formation: 
6. Depth interval 88-76 m: 
Smbt and minor SFcl in the middle with desiccation cracks: fluvial 
interchannel splays and soil. 
7. Depth interval 76-69 m: 
Erosive-based and upward-fining, Sx --> Ssma --> thin Fe: channel 
development, channel-fill and interchannel levees I splays. 
8. Depth interval 69-52 m: 
Thick deposits of SFcl: lower flow regime (laminated and ripple~) sheet 
splays/sheet floods on the interchannel areas; similar to depth interval 10. 
9. Depth interval 52-31 m: 
Predominantly St (see Fig. 3.13) and Sx (also St?) with minor SFcl: 
channelized deposits of aggrading dune-fields. A similarity with the 
structures in UNRL Yl outcrop (Chapter 6) and in BH Alliance Cataract 1 
(depth interval 10, Appendix 2.2.7) is apparent. 
10. Depth interval 31-24 m: 
SFcl with very thin carbonaceous laminae, micro-cross-laminae and 
minor Ssma: small-scale ripple migration formed during quieter period of 
sheet splays/ sheet floods on the interchannel areas (like depth interval 8). 
11. Depth interval 24-21 m: 
Like depth interval # 9. 
12. Depth interval 21-19 m: 
Weathered; SFcl(?) overlain by 16 cm Sx. 
13. Depth interval 19-14 m: 
Gx and Sx (see Fig. 3.6): in-channel processes like bar development. 
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A.2.2.7: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BH 
ALLIANCE CATARACT 1 
Figure A.2.7 shows the graphic fades log of this borehole sequence. 
Berry Siltstone: 
1. Depth interval below 845 m: 
Below storm wave base, offshore areas (siltstone of Subfades Fdmb). 
2. Depth interval 845-781 m: 
Continuation of offshore deposition from the underlying interval 
represented by a relatively thick deposits of Fades Smb. 
Broughton Formation: 
3. Depth interval 781-736 m: 
Composite Facies SDLMB (Smb-dominated and Sma and Sdl) and 
SHCS(?); fine sand, coarse in places and bioturbation decreases upward: 
offshore (above storm wave base) to probable lower shoreface aggradational 
deposits are indicated. 
4. Depth interval 736-713 m: 
This interval is coarser grained than the underlying one and consists of 
Facies Sma, Smb, minor HCS and Sdl. Undifferentiated lower to middle 
shoreface aggradation or its deltaic equivalents through rapid deposition of 
storm layers or river-derived-flows are speculated. 
An example of HCS deposition (see Fig. 2.8) above Fades Sdl is shown by 
this interval. 
5. Depth interval 713-699 m: 
Sharp-based, fining-upward sequences with basal clasts and fewer 
burrows (Fades Sma?) indicate distributary I tidal(?) channelization related 
to the prograding coastal alluvial plain. 
Pheasants Nest Formation: 
6. Depth interval 699-655 m: 
Sx, Ssma, minor SFcl and Fe: in-channel processes and sheetflood sands 
(see Interval 10); plus a minor igneous intrusion. 
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7. Depth interval 655-620 m: 
Ssma grades upward into thick deposits of Fe including Fcl and CFc 
(plus minor Smr and SFcl along with an igneous intrusion): sandy splays 
and interchannel fines in variable swampy conditions. 
8. Depth interval 620-603 m: 
Sx and Ssma --> Fe; Ssma <--> SFcl --> Fe and minor CFc: in-channel 
processes and sheetflood sands (see interval 10) and fine-grained 
interchannel deposits. 
9. Depth interval 603-572 m: 
Dominant Fe intercalated with SFcl and increasingly CFc upward: 
splays flooded the interchannel swamps occasionally; peat swamps in the 
upper part. 
10. Depth interval 572-543 m: 
Predominantly intrastratified Sx and Ssma: energetic in-channel 
processes (?aggrading dune-fields; similar to depth intervals 9 and 11 of BH 
UWl, Appendix 2.1.6) and sheetflood sands. 
11. Depth interval 543-509 m: 
Ssma interbedded with Fe and Smr: continuation of sheetflood from 
#10 below but intervening periods of soil formation and vegetation growth 
were prevalent. 
Erins Vale Formation (?Kulnura Marine Tongue Member): 
12. Depth interval 509-478 m: 
Dolerite (fine- to coarse-grained; with hornblende and feldspar) 
interspersed with thermally affected dark gray mudstone and minor 
siltstone and sandstone; in places, thin intervals of fluidized sediments: 
multiple igneous intrusions (sills) and sediments; the sedimentary facies 
could be Fdmb like depth interval #15. 
13. Depth interval 478-452 m: 
Thick intrusion of dolerite. 
14. Depth interval 452-449 m: 
Like# 12. 
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Kulnura Marine Tongue Member: 
15. Depth interval 449-448 m: 
Facies Fdmb: offshore conditions; first occurrence of thermally 
unaffected and identifiable sedimentary fades above 509 m and thus, the 
first definite evidence of the marine Erins Vale Formation. 
16. Depth interval 448-443 m: 
Like# 12. 
17. Depth interval 443-422 m: 
Fdmb - mid to dark gray siltstone, sandy siltstone; minor sandstone in 
the upper half and grades into Interval # 18: lower offshore. 
Erins Vale Formation: 
18. Depth interval 422-404 m: 
mid gray very fine- to medium-grained sandstone of Fades Smb. This 
coarsening-upward sequence and an intervening Fades Sma indicate an 
overall aggradational upper offshore sedimentation. The coarser grain-size 
makes this interval to be the lower Erins Vale Formation. 
19. Depth interval 404-387 m: 
reddish brown Smb and Sma (HCS?) interbedded: ·upper offshore to 
undifferentiated shoreface storm beds like those common in the Broughton 
Formation. A change in colour and grain-size is reflected in the change of 
fades from Fdmb in interval #18 to Smb in interval #19. 
20. Depth interval 387-379 m: 
Weathered and bioturbated; lower half very fine- to fine-grained 
sandstone and upper half silty sandstone; appears to be like #18, however, it 
is uncertain. 
21. Depth interval 379-377 m: 
Slax: upper shoreface SCS. 
The occurrences of SCS sandstone at the comparative stratigraphic 
level in outcrops east of BH Alliance Cataract 1, and the fact that washover 
fans (its causative - subhorizontal stratification - the alternative 
interpretation of Slax) are likely to occur and be preserved in transgressive 
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rather than regressive shoreline (Reinson, 1992, Fig. 9, p. 184 and 185), 
suggest that Facies Slax is probably a SCS sandstone (see Section 3.3.2). 
Wilton Formation: 
22. Depth interval 377-373 m: 
Pebbly bed --> cross-bedded sandstone (Sx) --> SFcl: a characteristic 
fining-upward channel sequence. 
The evolution from #21 to #22 probably indicates a regression. 
Woonona Coal Member: 
23. Depth interval 373-371 m: 
CFc of the Woonona Coal Member: interchannel peat swamps. 
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A.2.2.8: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BB AGL 
BOOTLEG 8 
Figure A.2.8 shows the graphic facies log of this borehole sequence. 
Broughton Formation: 
1. Depth interval 1296-1288 m: 
A middle to upper shoreface setting is indicated by the interbedding of 
Facies Smb with a sharp-based, unbioturbated and well sorted thin bed of 
Fades Sma, and by its upward transition into a shoreline facies. This 
interval represents barrier sands or subaqueous delta platform. 
2. Depth interval 1288-1266 m: 
Extensive tidal flat is indicated by thick fine-grained deposits of Facies 
SFlg (see Fig. 2.6.a). Associated massive sandstone beds - Facies Smb and 
Sma with erosive base, basal clasts and fewer burrows in the lower part of 
the Smb units - represent tidal channels. Desiccation cracks, fewer burrows, 
increasing carbonaceous materials and thin interbedding of Facies SFlg and 
Ssma are evident from about 1278 m upward in this marginal marine 
setting. 
Pheasants Nest Formation: 
3. Depth Interval 1266-1262 m: 
Sx <--> SFcl --> CFc: channel development and fill in the floodbasin 
(interchannel) areas. 
4. Depth Interval 1262-1257 m: 
Smbt <--> SFcl: intermittent splays in the floodbasins (interchannel 
areas). 
5. Depth Interval 1257-1227 m: 
Well-developed SFcl and minor Ssma and CFc with rare burrows 
between 1253 and 1250 m: splay-dominated interchannel areas. 
6. Depth Interval 1227-1217 m: 
CFc and Fe: swamp and peat swamp conditions. 
7. Depth Interval 1217-1203 m: 
Ssma (Smr) and minor Fe; sideritic mudstone and burrows: 
interchannel sandy splays and soil. 
8. Depth Interval 1203-1188 m: 
In general, Ssma and SFcl cycles, minor Smr, Fe and CFc. Between 1199-
1193 m: Ssma -> Smr with a 4 cm thick intervening Facies SFcl; mud clasts 
and granule stringers in the lower half and carbonaceous wisps (root traces) 
in the upper half: overall, channel and interchannel processes are indicated. 
9. Depth Interval 1188-1182 m: 
CFc: peat swamps. 
10. Depth Interval 1182-1175 m: 
Core loss and unable to log. 
11. Depth Interval 1175-1109 m: 
Like 8 but increased influence of Fe and CFc; Ssma in the lower part 
contains carbonaceous wisps and sideritic wood chips: channels, 
interchannel splays, floodplains, swamps and peat swamp conditions. 
Erins Vale Formation: 
12. Depth Interval 1109-1107 m: 
Smbr of the Erins Vale Formation: the shoreline transgressive 
precursor to #13 below (see Fig. 4.2). 
Kulnura Marine Tongue Member: 
13. Depth Interval 1107-1092 m: 
Fdmb containing the Zoophycos ichnofacies, fossil shell fragments, 
pyrite pellets, glendonites, etc.: below storm wave base, oxygen-deficient 
conditions in a lower offshore area (see Fig. 4.3). This interval is inferred to 
represent the beginning of the Kulnura Marine Tongue Member of the 
Erins Vale Formation. 
14. Depth Interval 1092-1060 m: 
Facies Fdmb with rare cream-white claystone bands, brachiopods, pyrite 
pellets, etc; a coarsening-upward sequence starting from the underlying 
interval: aggradational sedimentation in an upper offshore area. 
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15. Depth Interval 10"60-1049 m 
Facies Smb from 1060-1055 m interval has coarse-grained stringers and 
is less bioturbated than the underlying interval containing Fades Fdmb. 
Fades Gmb occupying 1055-1049 m interval including a 2 cm thick coaly 
layer overlying Facies Smb. The conglomerates are poorly sorted, muddy 
and occur with mud stringers. Distinctive but unidentified large vertical 
burrows are noted. 
Low-energy, rapid deposition without much reworking in a quiet, 
sheltered setting favoured by burrowers and where peat swamp could be 
generated is indicated. Consequently, distributary channels debouching into 
coastal waters of a lagoonal marsh or bay are interpreted. In this sense, a fan 
deltaic interpretation is likely. This is supported by a coarsening-upward 
trend in this interval and fits with the interpretations of fades successions. 
The evolution from #14 to #15 indicates a strong regression. 
Marangaroo Conglomerate 
16. Depth Interval 1049-1042 m: 
Facies GSm with fewer burrows at the base indicate subaqueous 
channels grading upward into subaerial conditions as part of fan deltaic 
progradation. 
17. Depth Interval 1042-1040 m: 
Fining-upward GSm --> Ssma or SFcl is a fluvial channel sequence in 
the fan system. 
18. Depth Interval 1040-1030 m: 
Dsmd indicates multiple-event hyperconcentrated flow deposits (see 
Fig. 3.2.b). 
19. Depth Interval 1030-1026 m: 
Ssma -->SFcl -->Fe indicate fining-upward channel sequence like 
interval 15. 
Woonona Coal Member of the Wilton Formation: 
20. Depth Interval above 1026 m: 
CFc indicates peat swamp conditions. 
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APPENDIX 2.3 
F ACIES ANALYSIS OF BOREHOLE SEQUENCES FROM THE 
SOUTHERN SECTOR 
A.2.3.1: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BB ER8 
Figure A.2.9 shows the facies log of this borehole sequence. 
Minamurra Latite Member of the Pheasants Nest Formation: 
1. Depth interval 314-312 m: 
Volcanic flow of the Minamurra Latite Member. 
Pheasants Nest Formation: 
2. Depth interval 312-295 m: 
DSmd interbedded with minor Ssma and SFcl: multiple-event 
hyperconcentrated flood flows alternated with periods of sheetfloods on the 
fan surfaces (see Fig. 3.2.a). 
3. Depth interval 295-281 m: 
Ssma and SFcl interbedded: variable sheetfloods on the fan surfaces. 
4. Depth interval 281-252 m: 
SGds and SFcl or Fe interbedded - Facies SGds grades into Facies Fe or 
SFcl and.which, in turn, passes back to SGds with a sharp contact. A fining-
upward trend is also noted. A cyclic environment of braided channel 
development and fill, plus interchannel flood flows, is indicated. 
5. Above 252 m: 
Facies CFc indicates peat swamp conditions. Several upward-fining 
cycles are noted above this followed by the base of the probable Tongara Coal 
at about 204 m. 
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Fig. A.2.9: Graphic facies of log ofBH ER8. The legends are enclosed in the 
backpocket of this volume. 
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A.2.3.2: F ACIES ANALYSIS OF BOREHOLE SEQUENCES IN BH ERl 
Figure A.2.10 shows the graphic log of this borehole sequence. 
Broughton Formation: 
1. Depth interval 395-386 m: 
Fades Smb or Sma contains 5-20 cm thick bands of Subfacies Gmb. 
Other features of this interval are: a doubtful body fossil (type unknown) 
near the base of the hole; occasional carbonaceous partings and planar and 
undulating laminae traces, one being a rippled carbonaceous muddy band 
occurring in upper part in the transition to the overlying interval (see Fig. 
3.3). 
This interval is interpreted as low energy but rapid subaqueous 
sedimentation from sediment laden flows on the shoreface in shallow 
marine conditions. 
Jamberoo Sandstone Member of the Broughton Formation: 
2. Depth interval 386-380 m: 
This interval is gradational from below and contains Subfacies Smdl 
(see Fig. 3.3). Having low-angle, discontinuous and diffuse laminae and 
poor sorting, and lacking burrows and any well-developed tractional 
structures, this subfacies is interpreted to be subaerial hyperconcentrated 
flood flow deposits developed in volcanic terrians (Smith, 1986, p .6). 
On the other hand, the transitional contact with the underlying 
interval, the fact that similar structures can be formed by turbidity flows 
(Smith, 1986) and the similarity of this facies with Facies Sdl of the 
Composite Facies SDLMB in the Broughton Formation (which is, however, 
invariably associated with bioturbated massive intervals; see Chapter 2) 
suggest that this facies could also be formed from a weak tractional 
component of a sediment laden underflow. 
Citing various studies, Smith (1986) suggested that the main 
requirement for the development of this kind of structure in a wide size 
range of sediments in both subaqueous and subaerial conditions is a 
continuous and high rate of sedimentation. 
Finally, it appears that the lower part of this depth interval represents a 
transition from subaqueous to subaerial aggradation of a depositional 
surface (see Fig. 3.3). This was facilitated by land-sourced out-building of a 
volcaniclastic apron in the form of prograding and aggrading (emerging) 
95 
inclined sheets or lobes. Unconfined, rapidly expansive, hyperconcentrated 
fluidal flow (as opposed to stream flow) did not allow formation of well-
developed tractional cross-bedding. Low-angle cross-stratification and 
inclined contacts attest to multiple-event flood flows on a sloping 
depositional lobe, with occasional carbonaceous mud partings, laminae and 
bands suggesting waning phase of these flows. 
3. Depth interval 380-369 m: 
Massive, poorly sorted, gradationally interbedded, fine- to medium-
and medium- to coarse-grained sandstone characterize this interval (similar 
to interval 5; see Fig. 4.4). A thin unbioturbated, poorly sorted and clast-
supported granule-pebble conglomeratic band occurs in the middle. 
This interval represents the thick massive portions of Subfacies Smdl. 
It is interpreted as massive deposits of hyperconcentrated flood-flows. The 
presence of sharp, subplanar internal contacts and thin mudstone intervals, 
like the underlying interval, further support multiple-event flood flow on a 
sloping depositional surface such as an alluvial fan. 
Transition from predominantly diffuse low-angle cross-stratification in 
interval 2 to massive beds in interval 3 suggests an evolution of 
depositional process from rapid grain-by-grain aggradation from both 
suspension and traction to predominantly suspension deposition. The 
change of the depositional process may be attributed to an increase in 
concentration of hyperconcentrated fluidal flow reflecting a distal to 
proximal gradation concomitant with fan aggradation. The conceptual basis 
of this inference is Smith's (1986) elucidation of proximal-distal relationship 
from spatial (lateral) change from debris to hyperconcentrated flow in 
volcaniclastic sequences. 
The fan aggradation is also supported by an overall coarsening upward 
sequence from below 386 m to about 369 m (intervals 2 and 3). 
4. Depth interval 369-366 m: 
Fades SFcl with Scoyenia ichnofacies characterize this sequence. This is 
interpreted as slowly moving, low energy flow deposit with disseminated 
carbonaceous materials formed during relatively quieter periods on the fan 
surface. Paucity of such laminated deposits, as in the present example, is 
another evidence for fan sedimentation. Because, thinner water flow 
deposits that form a veneer on the fan surfaces are usually scoured by future 
floods or obliterated by burrowers (Smith, 1986). 
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5. Depth interval 366-324 m: 
This interval begins with a sharp-based, unbioturbated, poorly sorted 
and clast-supported granule-pebble conglomeratic band. In general, it is 
similar to interval 3, being massive deposits of hyperconcentrated flood 
flows (Subfacies Smdl). In addition, it has significant bioturbation and root 
traces (Subfacies Smbt and Smr) 
Massive, poorly sorted, very lithic, fine- to medium-grained sandstone 
contains the following elements: sporadically occurring, several cm to 20 cm 
thick coarse-grained sandstone layers; less than 1 cm to 8 cm thick mudstone 
layers (clayey or carbonaceous and in some places, chloritic - originally 
tuffaceous?) including carbonaceous partings and laminae often cap a thick 
sandstone bed; occasional diffuse laminae and low-angle cross laminae like 
interval 2; subplanar and inclined internal sharp contacts with increasing 
number of dark mudstone layers denoting these contacts in the upper part 
of this interval; mudstone clasts, root traces and Scoyenia ichnofacies (see 
Fig. 4.4). 
This interval represents a combination of depositional processes 
represented by Intervals 2 and 3. Multiple-event hyperconcentrated flood 
flows on a progressively less sloping fan surface (probably flatter than those 
represented by Intervals 2 and 3) are interpreted, which allowed the waning 
phase of individual events to deposit more preservable mud. Further, 
evidence of reworking is present in the form of angular mud clasts. 
The lack of evidence of incised channel flood and coarse-grained debris 
flow deposits, presence of mud clasts, bioturbation and root traces (soil 
development) suggest remobilization by secondary fan processes 
(McPherson and Blair, 1993). Overwhelming sand deposits further indicate 
that the present example is probably a sandskirt in the lower part of the fan. 
6. Depth interval 324-319 m: 
Predominantly SFcl, Smr and Smbt (see Fig. 3.8.b) and minor upward-
fining GSm and Ssma are present. Interchannel splays and soil conditions 
were the prevalent environments. Channel-fill deposits are also indicated. 
7. Depth interval 319-304 m: 
Subfacies Smdl is associated with subfacies Smbt and Smr. 
Hyperconcentrated flood-flow deposits and development of soil are 
interpreted (similar to interval 5). 
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Minamurra Latite Member and Pheasants Nest Formation 
8. Depth interval 304-287 m 
Subaerial flow of the Minamurra Latite Member of the Pheasants Nest 
Formation. 
9. Depth interval 287-272 m: 
Fine-grained interchannel deposits of Facies SFcl are gradationally 
overlain by a 13 m thick Fades Sx sequence (fine and very coarse sand size 
graded and minor granule stringers; coaly lenses at the base): channelized 
deposits of aggrading dune-fields similar to UNRL Yl outcrops (Chapter 6) 
and BH UWl (Section A.2.2.6) are interpreted. Thus, a distal alluvial fan 
environment is interpreted. 
10. Depth interval 272-270 m: 
Erosive-based Sx with basal rip-up clasts grade into GSm (and crudely 
developed Gx?), which, in turn, grades into Fe of the overlying interval. 
Channelization and its subsequent fill (scour-and-fill?) is interpreted. 
11. Depth interval 270-261 m: 
Fades Fe and interbeds of Fades SFcl and Fe/ CFc suggest fine-grained 
interchannel splay and swamp deposits. 
Tongara Coal: 
12. Above 261 m : 
Fades CFc of the Tongara Coal suggests very low gradient interchannel 
peat swamp conditions. 
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A.2.3.3: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BH ERIOR 
Figure A.2.11 shows the graphic log of BH ER 10 R sequen"Ree. 
Minamurra Latite Member of the Pheasants Nest Formation: 
l. Depth interval 410-401 m: 
Min"N.amurra Latite: volcanic flow. 
Pheasants Nest Formation: 
2. Depth interval 401-386 m: 
Ssma with a characteristic veneer of granule lag grade upward into 
thick upward-fining SFcl. Sheetfloods on the weathered surface of the 
volcanic flow, which progressively became distal, are indicated. The latite-
sediment interface represents a disconformity upon which palaeosol 
developed (see Section 4.3.2 and Fig. 4.5). Also shown a fracture interpreted 
as a frost-heaving effect. 
3. Depth interval 386-378 m: 
Smr (see Fig. 3.12.a) and Ssma: splay-turned soil conditions in 
interchannel areas. 
4. Depth interval 378-37 4.5 m: 
Fe and CFc: interchannel swampy soil and peat-swamp conditions. 
Tongara Coal: 
5. Above 374.5 m: 
prolonged peat swamp environments. 
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A.2.3.4: FACIES ANALYSIS OF BOREHOLE SEQUENCES IN BB DM 
HUNTLEY 7 
Figure A.2.12 shows the graphic log of this borehole sequence. 
Broughton Formation: 
1. Depth interval 415-398 m: 
About 3 m thick coarse-grained calcareous sandstone with fossil shell 
debris (an illustration of a sample is given from the transition to overlying 
interval in Fig. 2.3.c) grades upward into Composite Fades SGG-1. The latter 
has fine- to medium-grained sandstone with a few coarse- to very coarse-
grained sandstone horizons containing Skolithos trace fossils and granule-
pebble stringers in places. SGG-1 has moderately bioturbated interbeds 
(thinner Smb or Gmb) and shell debris in the lower part. 
Shell debris and calcareous grains are characteristics of nearshore sands 
(Selley, 1985, Fig. 5.17) and they are considered to be indicative of storm beds, 
(e.g. Brackett and Bush, 1986; Driese et al., 1991; Jones and Desrochers, 1992). 
The present example of Fades SGG-1, being additionally supported by the 
above evidence and presence of Skolithos ichnofades, is interpreted to be 
shoreface or foreshore storm layers. 
2. Depth interval 398-334 m: 
This interval is dominated by variably bioturbated fine- to medium-
grained massive sandstone (Fades Smb) with minor, thin interbeds of 
Subfades Fdmb in the lower part. Also, present is occasional interbedding of 
less bioturbated, better sorted sands (Fades Sma?) in the middle/upper parts. 
This depth interval's gradational transition from the underlying 
interval is marked by an increase in intensity and kind of trace fossils - from 
less bioturbated Skolithos-bearing foreshore/nearshore fades of Interval 1 to 
pervasively bioturbated Interval 2. The latter has a deeper water 
? Rhizocorallium ichnofauna but still continues to have shell debris in the 
transitional lower part (see Fig. 2.3.c). The change is also marked by general 
decrease in coarse-grained bands and appearance of bioturbated mudstone 
intervals. This clearly indicates a transgressive condition wherein the 
foreshore was brought under deeper water conditions of probable offshore 
areas. Coarser horizons and shell debris indicate emplacement by storms. 
However, less expansive, sediment laden flows derived from proximal 
sources precluded development of interbedded tractional fades as seen in 
100 
other holes (Huntley 7 is relatively coarser grained than other deep 
boreholes in the northern areas). 
An isolated occurrence of Ophiomorpha was noted in a better sorted 
sandy facies in the middle to upper part of this interval. Since Ophiomorpha 
is known from foreshore agitated condition to shelf ridges, shoals or 
shoreface bars (e.g Heinburg and Birkelund 1984, Lowry et al., 1986; Penland 
et al., 1986), this particular example contained in an atypical sample of Fades 
Smb (Facies Sma?) may represent certain positive relief (shoaling?) 
superimposed on the offshore-shoreface gradient. 
Overall, offshore conditions in the lower part and aggradational 
shoreface in the upper part are indicated by Facies Smb and associated 
assemblages. 
3. Depth interval 334-329 m: 
This interval is characterized by sharp-based successive beds of 
bioturbated carbonaceous mudstone and fine/very fine sandstone (Subfacies 
Fdmb) showing an overall coarsening upward trend. Cruziana ichnofacies 
containing Planolites and Muensteria characterize the basal mudstone unit 
(see Fig. 2.3.f). A thin layer of unbioturbated, calcareous massive sandstone 
of Facies Sma with a sharp basal contact is sandwiched within this interval 
(see Fig. 2.2) bearing imprints of storm activity in a prodelta setting. 
4. Depth interval 329-325 m: 
A marked increase in grain-size, decrease in bioturbation and 
disseminated carbonaceous materials are noted from interval 3 to 4. Small-
scale coarsening-upward massive beds, alternating graded beds (Fades SGG) 
with isolated vertical burrows (suspension feeders?) and intervening cross-
stratified beds, minor cross-laminae and a marked reduction of burrows 
upward indicate delta front sands (Coleman and Prior, 1980). All the above 
suggest an aggradation of depositional surface and an evolution from quiet 
pro-delta to energetic delta front conditions. 
Pheasants Nest Formation: 
5. Depth interval 325-316 m: 
Facies SGds in this depth interval, facies successions and the overall 
upward-coarsening trend starting from 334 m indicate that braided 
distributaries prograded over the delta front sediments represented by the 
underlying depth interval. 
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6. Depth interval 316-297 m: 
Ssma or SGds at the base grades into Smr or SFcl, respectively; SFcl (see 
Fig. 3.7.b) dominates the middle and upper parts. In general, channel 
deposits and predominant interchannel sheetflood deposits and soil are 
indicated. 
7. Depth interval 297-295 m (Woonona Coal Member?): 
CFc indicates peat swamp conditions. 
8. Depth interval 295-279 m: 
Ferruginous Fe; minor silt and sand; internal sharp contacts: successive 
floodplain/ floodbasin deposits. 
Tongara Coal: 
9. Above 279 m: 
CFc of the Tongara Coal represents an extensive peat swamp conditions 
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A.2.3.5: F ACIES ANAL Y~IS OF BOREHOLE SEQUENCES IN BH EH3 
Figure A.2.13 shows the graphic log of this borehole sequence. 
Pheasants Nest Formation: 
1. Depth interval 339-315 m: 
Predominant coarse-grained SGds with intervening Fe: braided 
distributary environments with significant discharge fluctuations. 
2. Depth interval 315-301 m: 
Ssma grades upward into a thick sequence of SFcl and Fe up to 304 m 
before another Ssma succession was laid down: channel-fill and 
interchannel splay aggradation with minor swampy conditions, followed by 
another channel or near-channel sedimentation, are indicated. 
3. Depth interval 301-294 m: 
CFc with an intervening non-carbonaceous Fe: interchannel peat 
swamp conditions including floodbasin mud deposition (Woonona Coal 
Member?) 
4. Depth interval 294-291 m: 
SFcl succeeded by GSm: splays followed by significant channel 
development. 
Tongara Coal: 
5. Above 289 m: 
CFc of the Tongara Coal: peat swamp conditions. 
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- LIST OF BORECORE FACIES 
BROUGHTON FORMATION AND PART OF THE UPPER BERY SILTSTONE 
Facies Slax - Low-Angle Cross-Stratified Sandstone 
Facies Sma - Massive-Appearing Sandstone: 
Facies Smb - Bioturbated Massive Sandstone, Minor Conglomerate, Siltstone and 
Mudstone: 
Subfacies Fdmb - Dark Coloured, Bioturbated and Massive Fine-Grained Rocks 
Subfacies Gmb - Bioturbated, Massive Conglomerate 
Composite Facies SDLMB - Diffusely Laminated, Massive and Bioturbated Sandstone 
Assemblage including Facies Sdl (Diffusely Laminated Sandstone) 
Composite Facies SFLGB - Laminated, Graded and Bioturbated Sandstone and Finer 
Grained Rocks including Facies SFlg - Laminated and Graded Sandstone and 
Finer-Grained Rocks 
Composite Facies SGG - Graded Sandstone, Subordinate Conglomerate and Minor 
Mudstone Assemblage 
Composite Facies SHCS -Hummocky Cross-Stratified Sandstone Assemblage 
Composite Facies SXB - Cross-bedded and Bioturbated Sandstone Assemblage 
including Facies Sx - Cross-stratified Sandstone 
Composite Facies SXLGB - Cross-Laminated, Graded and Bioturbated Sandstone 
Assemblage including Facies Sxl- Cross-Laminated Sandstone 
BORECORE FACIES OF THE PHEASANTS NEST AND LOWER WILTON 
FORMATIONS AND PART OF THE MARANGAROO CONGLOMERATE 
Facies Ctu -Tuffaceous Claystone 
Facies DSmd - Massive to Diffusely Stratified Diamictite and Associated Sandstone 
Subfacies Smdl - Massive to Diffusely laminated Sandstone 
Facies Fe - Carbonaceous and Minor Non-Carbonaceous Fine-Grained Rocks 
Subfacies CFc - Coal and Associated Carbonaceous Fine-Grained Rocks 
Facies GSm- Massive Conglomerate and Minor Sandstone 
Facies Gt-Trough Cross-stratified Conglomerate 
Facies Gx - Cross-stratified Conglomerate 
Facies SFcl - Laminated and Diffusely Cross-Laminated Carbonaceous Sandstone and 
Fine-Grained Rocks 
Subfacies Fcl- Finely Laminated Carbonaceous Fine-Grained Rocks 
Facies Ssma - Stratified to Massive Appearing Sandstone 
Subfacies SGds - Diffusely Stratified and Graded Coarser-Grained Sandstone and 
Conglomerate 
Subfacies Smr - Massive Sandstone with Root Traces 
Subfacies Smbt - Massive, Bioturbated (Terrestrial) Sandstone 
Facies St -Trough Cross-Stratified Sandstone 
Facies Sx - Cross-Stratified Sandstone 
BORECORE FACIES OF THE ERINS VALE FORMATION 
Facies Scdr - Disrupted Sandstone, Minor Conglomerate and Carbonaceous Zones 
with Burrows and Root Traces 
Facies Slax - Low-Angle Cross-Stratified Sandstone 
Facies Sma - Massive-Appearing Sandstone Facies 
Facies Smb - Bioturbated Massive Sandstone, Minor Conglomerate, Siltstone and 
Mudstone: 
Subfacies Gmb - Bioturbated, Massive Conglomerate 
Subfacies Fdmb - Dark Coloured, Bioturbated and Massive Fine-Grained Rocks 
Facies Smbr - Massive Sandstone with Burrows and Root Traces 
MENZIES 
thesis 
+2188205 
v.2 
LEGENDS: BORECORE GRAPIIlC FACIES LOGS (APPENDIX 2) 
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Fig. 6.12 Interpretive line dravving from a photo1nosaic of UNRLY4 lateral profile. (a), (b) 
and (c) join >vith each other from east to west \Vith a gap of about 6 m of unexposed rocks 
bet;·veen (b) and (c) due to a bridge span. For facies <tbbreviations and bounding surface 
hierarchies, see text. AM: Aggrading 't\1egaripples; IS: Interchannel Sheetflood deposits; PH: 
Palaeosol I-Iorizon; SF: Scour-fill; SB: Sandy Bedform; IJ.i"': Do;vn-flo>v .A.ccretion. 
Outcrop orientation - 060° 
1.5 m ? '--
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UNRLY4 LOCATION: INTERPRETIVE LINE DRAWING -. - "':".:.._.. . -- ,. ........ __ 
-i -~----,---~'! .... ~ ..... ~ 
: Unidirectional palaeoflow indicated by cross-beds. 
: Axi! of trough cross-beds or scours. 
: Trough cross-bed data taken from equivalent position on the northern outcrop. 
: Dip of the bounding surface. 
·'} •} 
........... : Inferred continuity of bounding surfaces. 
: Tree trunks or conspieuous rooted zone. 
" ; l'nkno,,·n - \\.'cathcred, co,·crcd lJ~.' ,·cgctation or obsr1.lrl'd b:-· blastirlg 111arks. 
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Directional data for depositional/ero5ional forms in each slice of the 
lateral profile are presented in the radial line diagrams. Bold radius 
and diameter indicate more than one measurements. 
_ ..... ----"" : Axis of trough cross-bed or scours plotted on the radial 
line diagrams. 
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UNRLY1-Segment 1: Line Drawing 
LA 
Fig. 6.2 Interpretive line drawing fron1 n photo1nosaic of the 
la~eral profile of lJNRLYl-Segment 1. Figs 6.2-a, -b and -c join 
with each other fron1 east to west (in the order mentioned) to 
form this continuous lateral profile. 
UNRLYl LOCATION: INTERPRETIVE LINE DRAWING 
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